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Current state of the art all vanadium and Zn-Br redox flow batteries (RFBs) 
are limited to medium and large-scale stationary energy storage applications mainly 
due to low practical energy densities caused by the poor solubility of the active 
species in aqueous electrolytes. In addition, the corrosive nature of the aqueous acidic 
electrolytes employed, associated safety risks and cycling inefficiencies associated 
with Zn dendrite formation during charging as well as the heavy weight and large 
size of the electrolyte storage tanks hinder their application in portable devices. This 
requires further research to develop high energy density redox couples in less 
corrosive and safe electrolyte systems suitable for RFB applications beyond 
stationary energy storage.  
Therefore, this doctoral project investigates the application of two potential 
high energy density anodic redox couples, Zn2+/Zn0 and Li+/Li0, in ionic liquid (IL) 
electrolytes to contribute towards the development of a safe and small scale redox 
flow cell. Ionic liquids are attractive candidates for energy storage applications owing 
to their high thermal and electrochemical stability, high ionic conductivity, wide 
electrochemical windows and negligible vapour pressures compared to aqueous and 
organic solvents. As the electrochemical performance of the redox couples and 
deposition morphologies ultimately influence the battery performance, a 
comprehensive analysis was performed to investigate the effects of key parameters 
such as electrolyte active species and additive concentrations, electrolyte transport 
properties, nucleation process, temperature, flow rate, applied current density and 
charge capacity on the aforementioned properties. 
The first anodic redox couple, Zn2+/Zn0, was investigated in two IL 
electrolytes, 1-ethyl-3-methylimidazolium dicyanamide ([C2mim][dca]) and N-
butyl-N-methylpyrrolidinium dicyanamide ILs ([C4mpyr][dca]) with added H2O 
under a realistic flow configuration for the first time. The initial studies with 
[C2mim][dca] IL revealed that with increasing Zn2+ concentration to 18 mol%, 
superior Zn oxidation/reduction current densities, low Zn electrodeposition 
overpotentials and uniform, dendrite-free Zn morphologies can be obtained under 
flow conditions. Flow rates at or above 11 ml min-1 were found to be most appropriate 
due to the formation of uniform Zn morphologies. When Zn2+/Zn0 was tested in 




static conditions, it displayed superior performance, in terms of cycling efficiency 
(60 ± 2% vs 45 ± 3%) and long-term cycling stability (>200 cycles), under flow 
conditions compared to static ‘no flow’ conditions. A current density which was 60 
times higher than previously reported in literature (3 vs 0.05 mA cm−2) could be 
achieved under flow conditions. Further studies with [C4mpyr][dca] IL revealed that 
the concentration of H2O in the electrolyte directly affects both the cycling efficiency 
and Zn deposition morphology. More than 1 wt% H2O was required in the electrolyte 
to achieve a compact and dendrite-free Zn deposit that is well adhered to the electrode 
surface. Most importantly, [C4mpyr][dca] IL enabled a high solubility of active 
species, ~1:1 molar ratio, which is essential for improving the energy density of redox 
flow systems. The superconcentrated Zn2+ in [C4mpyr][dca]/H2O system also led to 
the steadiest long-term cycling stability (>100 cycles), a compact and dendrite-free 
Zn morphology and a high volumetric capacity (ca. 110 Ah l-1) at 3 mA cm-2. This is 
the first example of superconcentrated IL to employ a Zn2+/Zn0 couple. 
To further expand the scope for higher energy density flow cells, an anodic 
redox system employing Li+/Li0 was investigated due to its high theoretical capacity 
and very negative potential compared to Zn2+/Zn0. Based on the previous findings 
from the Zn2+/Zn0-IL study, a superconcentrated LiFSI/[C3mpyr][FSI] IL (1:1 molar 
ratio, [C3mpyr][FSI]- N-methyl-N-propylpyrrolidinium bis(fluorosulfonyl)imide) 
was employed to analyse the Li nucleation and growth process, cycling efficiency, 
morphology and SEI structure/composition. Very high current densities, up to a 
working maximum of 50 mA cm-2 were achieved for the first time in these 
experiments. The nucleation study revealed that the combination of 3.2 mol kg-1 
LiFSI at 20 mA cm-2 and 50 °C was most suited to achieve uniform nuclei coverage 
and the least dendritic surfaces under static or dynamic conditions, although in 
contrast to the Zn2+/Zn0 studies, superior performance was exhibited under static 
conditions.  
This combination also led to a high Li cycling efficiency of 96±3% (100 
cycles, overpotential <0.2 V), dendrite-free charge/discharge Li morphologies and 
low electrode resistance under static conditions at 20 mA cm-2. This current density 
is two times higher than previously reported for superconcentrated organic or IL 
electrolytes. Further, a maximum working current density of 50 mA cm-2 resulted in 
88±3% cycling efficiency, while displaying a tolerance for higher overpotentials 




due to the formation of a relatively stable, LiF rich SEI with fewer organic carbon 
species. The dynamic conditions (i.e. stirring for Li+/Li0) were found detrimental for 
Li+/Li0 cycling capability, cycling efficiency decreased to 79% and dendritic Li 
deposits were formed at 20 mA cm-2. Therefore, Li+/Li0 is most suited to be used as 
a static anodic redox couple that can be integrated with a flowing cathodic system. 
In summary, a comprehensive study was carried to investigate Zn2+/Zn0 and 
Li+/Li0 anodic redox couples in IL electrolytes under flow and/or flooded conditions, 
characterising their cycling performance, stability and resultant morphologies. All of 
the above research findings suggest that these electrochemical systems are potential 
candidates for the development of RFBs. Further research approaches, for instance 
substrate optimisation through surface modification and treatments, may permit to 
achieve ‘state-of-the-art’ cycling efficiencies while enabling progress towards 





Table of Contents 
Acknowledgments ....................................................................................................... i 
Publications ............................................................................................................... iii 
Abstract ..................................................................................................................... iv 
Table of Contents ...................................................................................................... vii 
List of Figures .......................................................................................................... xii 
List of Tables ......................................................................................................... xxiii 
Abbreviations ......................................................................................................... xxv 
CHAPTER 01 ............................................................................................................. 1 
Introduction ................................................................................................................ 1 
1.1 A Broader Context ................................................................................................ 1 
1.2 Ionic Liquids and Anodic Redox Couples ........................................................... 2 
1.3 Research Gaps, Aims and Approach .................................................................... 3 
1.4 The structure of the thesis..................................................................................... 4 
CHAPTER 02 ............................................................................................................. 5 
Literature Review ....................................................................................................... 5 
2.1 Operation of a Redox Flow Battery...................................................................... 5 
2.2 Timeline for the Development of Redox Flow Batteries ..................................... 6 
2.3 Commercial Availability and Applications of Redox Flow Batteries .................. 8 
2.4 Types of Redox Flow Batteries .......................................................................... 10 
2.4.1 All-Liquid Aqueous Flow Batteries ..................................................... 10 
2.4.2 All-Solid Redox Flow Batteries ........................................................... 14 
2.4.3 Hybrid Redox Flow Batteries ............................................................... 15 
2.4.3.1 Zn Metal Anode Aqueous Redox Flow Batteries .......................... 15 
2.4.3.2 Li Metal Anode Redox Flow Batteries .......................................... 19 
2.5 Zn and Li Metal Anodes with Non-Aqueous Electrolytes ................................. 22 
2.5.1 Li Metal anode ...................................................................................... 22 
2.5.2 Zn Metal Anode .................................................................................... 25 
2.6 Ionic Liquid Electrolytes for Application in Redox Flow Batteries ................... 27 
2.6.1 Application of Ionic Liquids with Li Metal Anode .............................. 28 




2.7 Factors Influencing the Metal Anode Performance ............................................ 38 
2.7.1 Concentration ....................................................................................... 38 
2.7.2 Additives ............................................................................................... 42 
2.7.3 Flow Rate .............................................................................................. 44 
2.7.4 Current Density .................................................................................... 45 
2.7.5 Temperature .......................................................................................... 47 
2.7.6 Surface Modifications .......................................................................... 50 
2.8 Cathode Materials for application in Redox Flow Batteries .............................. 52 
2.8.1 Metal Ligand Complexes ..................................................................... 52 
2.8.2 Semi-Solid Cathode Materials .............................................................. 54 
2.9 Electrode Materials for Redox Flow Battery Applications ................................ 55 
2.9.1 Metallic Electrodes ............................................................................... 55 
2.9.2 Carbon-Based Electrodes ..................................................................... 56 
2.10 Membrane Materials for Redox Flow Battery Applications ............................ 58 
CHAPTER 03 ........................................................................................................... 61 
Experimental Methods ............................................................................................. 61 
3.1 Materials ............................................................................................................. 61 
3.1.1 Zn(dca)2 Synthesis ................................................................................ 61 
3.1.2 Electrolyte Preparation ......................................................................... 61 
3.1.3 Substrate Materials ............................................................................... 63 
3.2 Flow Cell Prototypes .......................................................................................... 63 
3.3 Techniques .......................................................................................................... 66 
3.3.1 Cyclic Voltammetry (CV) .................................................................... 66 
3.3.2 Chronopotentiometry (CP) ................................................................... 66 
3.3.3 Scanning Electron Microscopy (SEM) ................................................. 68 
3.3.4 Energy Dispersive X-ray Spectroscopy (EDX) .................................... 69 
3.3.5 Profilometry .......................................................................................... 70 
3.3.6 Synchrotron X-ray Powder Diffraction (SXRD) .................................. 70 
3.3.7 Fourier Transform Infrared Spectroscopy (FTIR) ................................ 71 
3.3.8 X-ray Photoelectron Spectroscopy (XPS) ............................................ 72 
3.3.9 Time of Flight - Secondary Ion Mass Spectroscopy (ToF-SIMS) ....... 75 




Zn2+/Zn0 Redox Couple in Dicyanamide Anion Based Ionic Liquid Electrolytes for 
Application in Redox Flow Batteries ....................................................................... 77 
PART I ...................................................................................................................... 78 
Application of Imidazolium Ionic Liquid for Zn Electrochemistry in Flow 
Environment ............................................................................................................. 78 
4.1 Effect of Salt Concentration on Zn2+/Zn0 Electrochemistry and Morphology under 
Stirring Conditions ................................................................................................... 80 
4.2 Effect of Zn2+ Concentration on Zn Electrochemistry and Morphology in a 
prototype flow cell .................................................................................................... 84 
4.3 Variation of Flow Rate: Zn Electrochemistry and Morphology ........................ 88 
4.4 Effect of Concentration on Cycling Performance under Flow Conditions ........ 92 
4.5 Effects of IL Cation: Comparison of [C2mim][dca] and [C4mpyr][dca] 
performance under flow environment ...................................................................... 95 
PART II ................................................................................................................... 102 
High Zn Concentration Pyrrolidinium Dicyanamide Based Ionic Liquid Electrolytes 
for Zn2+/Zn0 Electrochemistry in a Flow Environment .......................................... 102 
4.6 The effect of water content on Zn2+ /Zn0 performance in [C4mpyr][dca] under 
flow configuration .................................................................................................. 103 
4.7 The effect of [Zn2+] on Zn2+ /Zn0 cycling performance in [C4mpyr][dca] under 
flow configuration .................................................................................................. 111 
Summary and Concluding Remarks ....................................................................... 117 
CHAPTER 05 ......................................................................................................... 119 
High Current and Capacity Li+/Li0 Redox Couple Cycling in Superconcentrated Ionic 
Liquid Electrolytes ................................................................................................. 119 
PART I .................................................................................................................... 122 
Investigation of the Effects of High Currents, Concentration, Temperature, and 
Dynamic Electrolyte Conditions on Li Nucleation and Growth ............................ 122 
5.1 Lithium Nucleation Studies in ILs ................................................................... 122 
5.2 Nucleation Studies in Superconcentrated IL Electrolytes ................................ 123 
5.2.1 Nucleation at 0.1 to 50 mA cm-2 in 3.2 mol kg-1 LiFSI in [C3mpyr][FSI]
 ..................................................................................................................... 123 
5.2.2 Morphology After Deposition at 0.1 to 50 mA cm-2 in 3.2 mol kg-1 LiFSI 




5.2.3 Nucleation at 80 mA cm-2 in 3.2 mol kg-1 LiFSI in [C3mpyr][FSI] ... 129 
5.2.4 Particle Size and Distribution After Deposition at 0.1 to 50 mA cm-2 in 
3.2 mol kg-1 LiFSI in [C3mpyr][FSI] ........................................................... 130 
5.2.5 Modification of Nuclei Morphology and Distribution in [C3mpyr][FSI] 
ILs ................................................................................................................ 133 
5.3 Effects of Other Operating Parameters on Li Nucleation Studies in IL Electrolytes
 ................................................................................................................................ 134 
5.3.1 Effect of Li+ Concentration ................................................................ 134 
5.3.2 Effect of Temperature ......................................................................... 135 
5.3.3 Simulating Flow Conditions ............................................................... 136 
PART II ................................................................................................................... 138 
Investigation of the Effects of High Current and Capacity on Li Cycling Efficiency 
and Bulk Morphology in a Superconcentrated Ionic Liquid .................................. 138 
5.4 Coulombic Efficiency of Lio/Li+ on Ni Electrode in LiFSI/[C3mpyr][FSI] ..... 139 
5.4.1 Comparison of Applied Current Density and Concentration ............. 139 
5.4.2 Higher Currents and Deposited Charge for 3.2 mol kg-1 LiFSI in 
[C3mpyr][FSI] .............................................................................................. 142 
5.4.3 Evolution of Deposit Morphology during Cycling; Effect of Current 
Density ......................................................................................................... 144 
5.4.4 Impedance Analysis of Cycled Deposits ............................................ 147 
5.4.5 Increasing Li Deposition from 1 to 5 mAh cm-2 at 20 mA cm-2 ........ 148 
5.4.6 Evolution of Deposit Morphology during Cycling; Effect of Deposited 
Charge .......................................................................................................... 151 
5.5 Negative Effect of Flow Conditions on Cycling Efficiency ............................ 160 
PART III.................................................................................................................. 162 
XPS and ToF-SIMS Analysis: The Effect of Current Density on Lithium SEI 
Composition in Superconcentrated Ionic Liquid Electrolyte ................................. 162 
5.6 Li Nucleated Surfaces: 1 and 20 mA cm-2 Deposition of 0.05 mAh cm-2 (i.e., 180 
vs 9 second) ............................................................................................................ 163 
5.6.1 Analysis of the Surface Composition using XPS ............................... 163 
5.6.2 Analysis of SEI Structure/Composition using ToF-SIMS Etching .... 166 
5.7 Excess Li deposit surfaces: 1 mAh cm-2 Electrodeposits at 1 and 20 mA cm--2 (i.e., 
3600 vs 180 seconds) ............................................................................................. 168 




5.7.2 Analysis of SEI Structure/Composition using ToF-SIMS Etching .... 171 
5.8 Failed Surfaces (‘after cycling’): After Consumption of 1 mAh cm-2 
Electrodeposit at 1 and 20 mA cm-2 (i.e, 7 vs 100 cycles) ..................................... 173 
5.8.1 Analysis of the Surface Composition using XPS ............................... 173 
5.8.2 Analysis of SEI Structure/Composition using ToF-SIMS Etching .... 176 
5.9 Discussion ........................................................................................................ 177 
5.9.1 Li Nucleated Surfaces: 1 and 20 mA cm-2 Deposition of 0.05 mAh cm-2 
(180 vs 9 seconds) ....................................................................................... 179 
5.9.2 Excess Li deposit surfaces: 1 mAh cm-2 Electrodeposits at 1 and 20 mA 
cm--2 (3600 vs 180 seconds) ......................................................................... 181 
5.9.3 Failed Surfaces (‘after cycling’): After Consumption of 1 mAh cm-2 
Electrodeposit at 1 and 20 mA cm-2 (7 vs 100 cycles) ................................ 183 
5.10 Summary of All Analysed Surfaces ............................................................... 187 
Summary and Concluding Remarks ....................................................................... 189 
CHAPTER 06 ......................................................................................................... 191 
Conclusions and Future Work ................................................................................ 191 
6.1 Conclusions ...................................................................................................... 191 
6.2 Suggestions for Future Work ........................................................................... 194 
CHAPTER 07 ......................................................................................................... 197 
Appendix ................................................................................................................ 197 





List of Figures 
 
Figure 2.1: A schematic of an all-vanadium redox flow battery. ................................ 6 
Figure 2.2: Development of redox flow battery technologies.36 ................................ 8 
Figure 2.3: (A) SEM images of Zn deposits after 10 minutes with (a) Na2SO4, (b) 
NaBr, (c) NaCl, (d) NaH2PO4 and (e) NaNO3 supporting electrolytes at 20 mA/cm2. 
(B) CV analysis of electrolyte solutions with Na2SO4, NaBr, NaCl, NaH2PO4 and 
NaNO3 (Courtesy of reference,56 link to the license 
https://creativecommons.org/licenses/by/4.0/, reproduced with minor changes). .... 16 
Figure 2.4: Schematic of a Li-Fe flowing cathode redox cell.64 .............................. 20 
Figure 2.5: SEM images of Li deposit morphologies from 1 M LiPF6 based 
electrolytes containing (a) PC, (b) EC, (c) DMC and (d) EMC.71 ........................... 23 
Figure 2.6: SEM images of Li deposit morphologies on Cu substrate after (a) 0.3 and 
(b) 0.5 mAh cm-2 using 1 M LiPF6 in 1:1 v/v EC: DMC electrolyte at 1 mA cm-2 
current density. (Courtesy of reference73, link to the license 
https://creativecommons.org/licenses/by/4.0/) ......................................................... 24 
Figure 2.7: SEM images of (a) pristine zinc and (b-d) Zn anode after 10 cycles with 
0.5 M Zn(ClO4)2 in ACN.88 ...................................................................................... 26 
Figure 2.8: Commonly used anions and cations in ionic liquid families. (Adapted 
from reference90) ...................................................................................................... 28 
Figure 2.9: SEM images of dendritic Li morphologies deposited at 3 mA cm-2 with 
0.5 mol kg-1 LiTFSI in [C4mpyr][TFSI] at 50 °C.93 ................................................. 29 
Figure 2.10: Walden plots representing the relationships between inverse viscosity 
and molar conductivity for [C3mpyr][FSI] IL with different LiFSI concentrations, and 
the neat IL.16 ............................................................................................................. 30 
Figure 2.11: SEM image of plated Li surface after 450 cycles in 3.8 mol kg-1 LiFSI 
in [P111i4][FSI] at 12 mA cm-2 at 50 °C.96 ................................................................. 31 
Figure 2.12: CVs and SEM images of 10 mol% Zn(dca)2 in [C2mim][dca] on a GC 
working electrode: CV of a) 3 wt% H2O c) 0.05 wt% H2O, SEM of b) 3 wt% H2O 




Figure 2.13: Transport properties of [C2mim][dca] IL with (a) 10 mol% Zn(dca)2 and 
varying H2O concentrations, (b) 3 wt% H2O and different Zn(dca)2 concentrations.22
 .................................................................................................................................. 35 
Figure 2.14: (a) Electrochemical windows of [C2mim] and [C4mpyr][dca] + 3 wt% 
H2O on GC and (b) CV of [C2mim][dca] and [C4mpyr][dca] + 9 mol% Zn(dca)2 + 3 
wt% H2O on GC working electrode.13 ..................................................................... 36 
Figure 2.15: SEM images of Zn electrodeposits on GC substrate from 9 mol% 
Zn(dca)2 in (a) [C2mim][dca] and (b) [C4mpyr][dca] ILs with 3 wt% H2O.13 ......... 36 
Figure 2.16: SEM images of Zn electrodeposits obtained with 0.2 M Zn(OTf)2 in (a) 
[C2mim][OTf] and (b) [C4mpyr][OTf] ILs at room temperature under static 
condition.103 .............................................................................................................. 37 
Figure 2.17: Cyclic voltammogram of 0.1, 0.2 and 0.5 M ZnO in 8 M KOH at room 
temperature. The scanning rate was 50 mV s-1. (Courtesy of reference23, link to the 
license https://creativecommons.org/licenses/by-nc/4.0/) ........................................ 39 
Figure 2.18: Morphology diagrams of Zn deposits from 0.35, 0.7 and 0.85 M ZnO in 
7 M KOH and 0.7 M ZnO in 10 M KOH at room temperature (25 °C) under static 
conditions.24 .............................................................................................................. 40 
Figure 2.19: SEM images of Zn electrodeposits on Au substrate using (a) 4 M, (b) 5 
M and (c) 6 M Zn(OAc)2 in [C2mim][OAc] under static conditions.105 .................. 41 
Figure 2.20: SEM images of Zn deposited on Au substrate from 0.2 M Zn(OTf)2 in 
(a,b) [C2mim][OTf], (c,d) [C4mpyr][OTf] with 10 and 50% v/v H2O additive at room 
temperature under static conditions.103 ..................................................................... 42 
Figure 2.21: SEM images of Zn electrodeposits on Pt-coated Si substrate from an 
electrolyte containing 5 wt% ZnO in 9 M KOH (a) without and (b) with 0.5% 
[C2mim][dca] additive at 80 mA cm-2.108 ................................................................. 43 
Figure 2.22: Images of Zn dendrite morphologies resulted in the (a) static mode and 
(b) flow rate of 100 ml min-1 with aqueous 3.5 M ZnI2 electrolyte at 10 mA cm-2. 
(Courtesy of reference10, link to the license 
https://creativecommons.org/licenses/by/4.0/) ......................................................... 44 
Figure 2.23: Zn electrodeposits on Ni substrate after 9th cycle using 50 g L-1 ZnO in 
45 wt% KOH electrolyte at (a) 2 cm s-1 and (b) 15 cm s-1 flow velocities at 1C rate.110




Figure 2.24: Effect of initial Li seed layer on nuclei density and coverage at low 
current densities. (a) Li deposited on Cu at 0.05 mA cm-2 for 0.1 mAh cm-2 and (b) 
Li deposited on initial Li seed layer at 0.05 mA cm-2 for 0.1 mAh cm-2. The seed layer 
was generated at 10 mA cm-2 for 0.02 mAh cm-2.111 ................................................ 46 
Figure 2.25: SEM images of Li anode recovered from Li|NMC cell after 150 cycles 
at (a,e) 0.2 mA cm-2, (b,f) 0.67 mA cm-2, (c,g) 2 mA cm-2 and (d,h) 4 mA cm-2 
discharge current densities with 1 M LiPF6 in 1:2 EC:DMC electrolyte at 30 °C.114
 .................................................................................................................................. 47 
Figure 2.26: SEM images of Zn deposits on Au substrate at (a) room temperature, (b) 
50 °C, (c) 75 °C and (d) 100 °C using 0.2 M Zn(OTf)2 in [C2mim][OTf] electrolyte.103
 .................................................................................................................................. 49 
Figure 2.27: SEM images of Zn deposits from 0.2 M Zn(OTf)2 in (a) [C2mim][OTf] 
and (b) [C4mpyr][OTf] ILs containing 10 wt% H2O at 100 °C.103 .......................... 49 
Figure 2.28: SEM images of Li electrodeposits after 5 cycles on (a) Cu with 
Cu3N+SBR artificial SEI and (b) bare Cu using 1M LiPF6 in 1:1 v/v EC:DEC with 
10% FEC at 0.5 mA cm-2.80 ...................................................................................... 50 
Figure 2.29: SEM images of Li deposited from 1M LiTFSI in 1:1 v/v DOL 
(dioxolane):DME on (a) 3D porous Cu and (b) planar Cu substrates at 0.5 mA cm-2 
for 2 mAh cm-2. (Courtesy to reference118, link to the license 
https://creativecommons.org/licenses/by/4.0/) ......................................................... 52 
Figure 2.30: CV of a 10 mM solution of (a) [Fe(bpy)3]2+ and (b) [Co(bpy)3]2+ in 
[C4mpyr][TFSI] IL, on glassy carbon electrode, scan rate of 20 mV s-1 under static 
condition.18,19 ............................................................................................................ 53 
Figure 2.31: SEM images of (a) hollow carbon-nanosphere structure after initial SEI 
formation; and Li deposited on to (b) modified Cu substrate with C-nanosphere 
coating and (c) bare Cu substrate at 1 mA cm-2 using 1 M LiTFSI in 1:1 v/v% 
DOL:DME with 1% LiNO3 and 100 mM Li2S8 additives.129 .................................. 57 
Figure 3.1: The chemical structures of ionic liquid cations and anions used in this 
work. ......................................................................................................................... 62 
Figure 3.2: (a) Schematic cross section and (b) an image of the flow half-cell design 




Figure 3.3: (a) A schematic cross section of the modified flow cell setup and (b) 3D 
printed flow cell parts (cell body, RE, CE and WE sleeves). ................................... 65 
Figure 3.4: Schematic of a 3-electrode setup in a standard cell vial used for Li+/Li0 
experiments............................................................................................................... 68 
Figure 3.5: Schematic of the photoelectron emission process in an isolated atom. . 73 
Figure 3.6: Schematic of the TOF-SIMS analysis principle. ................................... 75 
Figure 4.1: Chronopotentiograms of [C2mim][dca] + 3 wt% H2O + a) 9 mol% 
Zn(dca)2 and b) 18 mol% Zn(dca)2 stirring at 320 rpm in a standard cell vial at an 
applied current density of ±3 mA cm-2. .................................................................... 80 
Figure 4.2: SEM micrographs of Zn deposits after 1 hour electrodeposition with 
[C2mim][dca] IL + 3 wt% H2O in (a) 9 mol% Zn(dca)2 - static, (b) 18 mol% Zn(dca)2 
- static, (c) 9 mol% Zn(dca)2 - stirring, (d) 18 mol% Zn(dca)2 - stirring. Stir rate 320 
rpm, applied current density -3 mA cm-2. ................................................................. 82 
Figure 4.3: Cyclic voltammograms for [C2mim][dca] + 3 wt% H2O with different 
concentrations of Zn(dca)2. Scan rate 100 mV s-1, flow rate 22 ml min-1, 2nd scan. 84 
Figure 4.4: Profilometric images of Zn deposits after 1 hour in [C2mim][dca] + 3 wt% 
H2O + a) 9 mol% Zn(dca)2, and b) 18 mol% Zn(dca)2, at 22 ml min-1 flow rate and -
3 mA cm-2 current density; (c, d) corresponding SEM images. The black spots in (b) 
are out-of-scale Zn deposits...................................................................................... 88 
Figure 4.5: Cyclic voltammograms for a) neat [C2mim][dca] + 3 wt% H2O at 6 ml 
min-1; [C2mim][dca] with 3 wt% H2O and 18 mol% Zn(dca)2 at b) 6 ml min-1, c) 13 
ml min-1, d) 22 ml min-1, and e) 40 ml min-1 flow rates (scan rate 100 mV s-1)....... 90 
Figure 4.6: SEM images of Zn deposits after plating Zn for 1 hour from 18 mol% 
Zn(dca)2 + [C2mim][dca] + 3 wt% H2O flowing at (a) 6 ml min-1, (b) 13 ml min-1, (c) 
22 ml min-1 and (d) 11 ml min-1 rates at -3 mA cm-2 current density. ...................... 92 
Figure 4.7: Chronopotentiograms in [C2mim][dca] with 3 wt% H2O with a) 9 mol% 
Zn(dca)2 and b) 18 mol% Zn(dca)2 at an applied current density of ±3 mA cm-2. 
Arrows indicate sampling points for SEM imaging presented in Figure 4.8. .......... 93 
Figure 4.8. SEM images of Zn deposits after (a) 1 hour charge, (b) 2nd charge cycle 
(c) 2nd discharge cycle with 9 mol% Zn(dca)2 + [C2mim][dca] + 3 wt% H2O; and after 




mol% Zn(dca)2 + [C2mim][dca] + 3 wt% H2O at 11 ml min-1 flow rate and ±3 mA 
cm-2 current density. (inset: 1 µm scale, others 5 µm scale) .................................... 94 
Figure 4.9: Chronopotentiograms of [C4mpyr][dca] and [C2mim][dca] with 18 mol% 
Zn(dca)2 and 3 wt% H2O under (a) static condition or (b) flow condition (11 ml min-
1 flow rate) at an applied current density of ± 3 mA cm-2. ....................................... 97 
Figure 4.10: (a) Voltage profile from cycles 9–16 and (b) capacity vs cycle number 
during long term cycling of 18 mol% Zn(dca)2 + [C4mpyr][dca] + 3 wt% H2O at 11 
ml min-1 flow rate and ±3 mA cm-2 applied current density. The numbers on Figure 
(a) are referred to in the text. .................................................................................... 98 
Figure 4.11: Voltage profile for excess Zn deposition on pristine glassy carbon 
electrode using 18 mol% Zn(dca)2 + [C4mpyr][dca] + 3 wt% H2O at 11 ml min-1 flow 
rate and ±3 mA cm-2 applied current density. ........................................................... 99 
Figure 4.12: SEM micrographs of Zn deposits after 1 hour electrodeposition with 18 
mol% Zn(dca)2 + 3 wt% H2O in (a) [C2mim][dca] IL - static, (b) [C2mim][dca] IL 
under flow, (c) [C4mpyr][dca] IL - static, (d) [C4mpyr][dca] IL under flow. Flow rate 
11 ml min-1, applied current density -3 mA cm-2. (Inset: 5 μm scale, others 100 μm 
scale). ...................................................................................................................... 100 
Figure 4.13: Cyclic voltammograms for (a) negative and (b) positive potential limits 
of neat [C4mpyr][dca] IL with 1 wt% (blue) and 10 wt% (red) H2O under stirring at 
320 rpm and at a scan rate of 100 mV s-1. (c) and (d) Chronopotentiograms of 18 
mol% Zn(dca)2 in [C4mpyr][dca] IL with 1, 3, 6 and 10 wt% H2O under flow 
condition at an applied current density of ±3 mA cm-2 and flow rate of 11 ml min-1.
 ................................................................................................................................ 104 
Figure 4.14: Synchrotron XRD pattern for electrodeposited Zn mixed with SiO2 (1:1 
mass ratio). The inset shows the XRD pattern for neat SiO2. The peaks corresponding 
to the unidentified phase are marked in orange diamonds. .................................... 107 
Figure 4.15: (a) SEM micrograph and (b) EDX of the Zn deposit left after exhaustion 
of excess Zn deposit (1 mAh cm-2) created at an applied current density of -3 mA 
cm- 2 and 11 ml min-1 flow rate using a 18 mol% Zn(dca)2 in [C4mpyr][dca] and 3 
wt% H2O. ................................................................................................................ 108 
Figure 4.16: FT-IR spectra of the O-H region for 18 mol% Zn(dca)2 in [C4mpyr][dca] 




(b) with 3 wt% H2O before and after Zn2+/Zn0 cycling experiment at ±3 mA cm-2 
current density and 11 ml min-1 flow rate. .............................................................. 109 
Figure 4.17: SEM images of Zn deposits after 1 hour electrodeposition with 18 mol% 
Zn(dca)2 in [C4mpyr][dca] with (a) 1 wt%, (b) 3 wt%, (c) 6 wt% and (d) 10 wt% H2O 
at an applied current density of -3 mA cm-2 and 11 ml min-1 flow rate. ................. 110 
Figure 4.18: Long term cycling performance of [C4mpyr][dca] IL and 3 wt% H2O 
with 9, 18, 30, 40, 46 mol% Zn(dca) under flow conditions at an applied current 
density of ±3 mA cm-2 and flow rate of 11 ml min-1. ............................................. 113 
Figure 4.19: SEM micrographs of Zn deposits after 1 hour electrodeposition on GC 
electrode with (a) 18 mol%, (b) 30 mol%, (c) 40 mol% and (d) 46 mol% Zn(dca)2 in 
[C4mpyr][dca] and 3 wt% H2O at an applied current density of -3 mA cm-2 and 11 
ml/min flow rate. .................................................................................................... 114 
Figure 4.20: FT-IR (Normalized-ATR) spectra of the C-N and C≡N peaks of 
[C4mpyr][dca] + 3 wt% H2O + varying Zn(dca)2 concentration in the range of (a) 
1200–1450 cm-1 and (b) 2000–2340 cm-1. .............................................................. 115 
Figure 5.1: (a) Voltage profiles for Li electrodeposition on Ni substrate at various 
current densities for a total capacity of 0.03 mAh cm-2 and (b) the charge required to 
reach the nucleation potential at various current densities in 3.2 mol kg-1 LiFSI in 
[C3mpyr][FSI] electrolyte. ...................................................................................... 125 
Figure 5.2: Ex-situ SEM of Li nuclei deposited at 0.01(a–c), 1(d–f), 5(g–i), 10(j–l), 
20(m–o) and 50 mA cm-2 (p–r) current densities for 0.01, 0.025 and 0.05 mAh cm-2 
on Ni substrate with 3.2 mol kg-1 LiFSI in [C3mpyr][FSI] electrolyte at 50 °C. ... 128 
Figure 5.3: (a) Voltage profile of Li deposition on Ni substrate at 80 mA cm-2 current 
density for 0.03 mAh cm-2 and (b) Ex-situ SEM of Li deposited at 80 mA cm-2 current 
density for 0.05 mAh cm-2 with 3.2 mol kg-1 LiFSI in [C3mpyr][FSI] electrolyte at 
50 °C. ...................................................................................................................... 129 
Figure 5.4: Li particle size variation with applied current density; Nuclei size scale 
from (a) 0 to 75 µm and (b) 0 to 1.5 µm. Nuclei density for different amounts of Li 
deposited at various applied current densities; Nuclei density scale from (c) 0 to 3 
nuclei cm-2 and (d) 0 to 0.15 nuclei cm-2. Electrolyte used was 3.2 mol kg-1 LiFSI in 
[C3mpyr][FSI] at 50 °C. (Estimated errors for nuclei size and nuclei density are ±15% 




Figure 5.5: Li plated on a Ni substrate at (a) 1 mA cm-2 for 0.05 mAh cm-2 and (b) 20 
mA cm-2 for 0.02 mAh cm-2 and subsequently 1 mA cm-2 for 0.03 mAh cm-2 with 3.2 
mol kg-1 LiFSI in [C3mpyr][FSI] electrolyte at 50 °C. ........................................... 134 
Figure 5.6: SEM micrographs of Li plated on Ni substrate under various conditions: 
(A) Effect of concentration - (a,d) 1 mA cm-2 (b,e) 20 mA cm-2 and (c,f) 50 mA cm-2 
for 0.025 mAh cm-2 with 3.2 and 0.5 mol kg-1 LiFSI in [C3mpyr][FSI] electrolytes at 
50 °C. Effect of temperature - (g) 1 mA cm-2 (h) 20 mA cm-2 and (i) 50 mA cm-2 for 
0.025 mAh cm-2 with 3.2 mol kg-1 LiFSI in [C3mpyr][FSI] electrolyte at room 
temperature. (B) Effect of stirring - (j) 20 mA cm-2 for 0.025 mAh cm-2 with 3.2 mol 
kg-1 LiFSI in [C3mpyr][FSI] electrolyte at 50 °C and 300 rpm. ............................. 137 
Figure 5.7: (a) Cycling efficiencies for 0.5 and 3.2 mol kg-1 LiFSI in [C3mpyr][FSI] 
at 1, 20 and 50 mA cm-2 at 1 mAh cm-2 excess plated charge (Qex) and 0.25 mAh cm- 2 
cycled charge (Qp); Voltage profiles for (b) both concentrations at 1 mA cm-2, (c) 0.5 
mol kg-1 and (d) 3.2 mol kg-1 at 20 mA cm-2 current density. T = 50 °C and the * 
marks are referred to in Figure 5.9. ........................................................................ 140 
Figure 5.8: (a) Cycling efficiencies for 3.2 mol kg-1 LiFSI in [C3mpyr][FSI] at 1, 20 
and 50 mA cm-2 at 1, 2 and 5 mAh cm-2 excess plated charge (Qex) and 0.25*Qex mAh 
cm-2 cycled charge (Qp), (b) complete voltage profiles for Ni|Li cycling at 1 (blue), 
20 (red) and 50 (green) mA cm-2; Voltage profile corresponding to (c) excess Li 
deposition for 1 mAh cm-2 and (d) at selected cycles; 1 mA cm-2 (1st and 5th), 20 mA 
cm-2 (1st , 5th , 20th  and 80th) and 50 mA cm-2 (1st , 5th and 20th). ........................... 143 
Figure 5.9: SEM images of Li deposits on Ni substrate at 1 and 20 mA cm-2 after (a,b) 
excess plated charge or ‘excess deposit’, (c,d) 5th cycle charge, (e,f) last cycle 
discharge and (g,h) exhaustion of excess deposit. The excess plated charge (Qex) is 1 
mAh cm-2 and the cycled charge (Qps) is 0.25 mAh cm-2. ...................................... 146 
Figure 5.10: EIS measurements at 1 and 20 mA cm-2 (a) before cycling, (b) after 
excess Li deposition and (c) after exhaustion of excess deposit. The excess plated 
charge (Qex) is 1 mAh cm-2 and the cycled charge (Qps) is 0.25 mAh cm-2. .......... 148 
Figure 5.11: (a) Full cycling voltage profile and E vs capacity curves (b) for excess 
Li deposition with excess plated charge (Qex) of 1, 2 and 5 mAh cm-2 and (c) at 
selected cycles for 0.25, 0.5 and 1.25 mAh cm-2 cycled capacities at 20 mA cm-2 and 




Figure 5.12: SEM images of Li deposit after excess plated charge of (a) 1 and (b) 5 
mAh cm-2; after 5th cycle stripping at (c) 0.25 and (d) 1.25 mAh cm-2 cycled charge; 
and after exhaustion of excess deposit at (e) 0.25 and (f) 1.25 mAh cm-2 cycled charge 
on Ni substrate at 20 mA cm-2. ............................................................................... 152 
Figure 5.13: (a) Voltage profiles at 100, 300 and 500 rpm stirring speeds and (b) SEM 
image of Li deposit after excess plated charge of 1 mAh cm-2 at 300 rpm using 3.2 
mol kg-1 LiFSI in [C3mpyr][FSI] electrolyte at 20 mA cm-2 current density and at 
50 °C. ...................................................................................................................... 160 
Figure 5.14: Voltage profiles with excess deposit under stirring or static conditions 
and subsequent cycling under static or stirring conditions at 300 rpm stirring speeds 
using 3.2 mol kg-1 LiFSI in [C3mpyr][FSI] electrolyte at 20 mA cm-2 current density 
and at 50 °C. ........................................................................................................... 161 
Figure 5.15: Voltage profiles and SEM images of the 1 and 20 mA cm-2 nucleation 
surfaces used for surface analysis........................................................................... 163 
Figure 5.16: Atomic concentration (%) summary determined from the region spectra 
of (a) C 1s, (b) N 1s, (c) F 1s, (d) O 1s, (e) Li 1s and (f) S 2s after 0.05 mAh cm-2 Li 
nucleation at 1 and 20 mA cm-2 current densities at 50 °C. (Estimated error for atomic 
concentration from region spectra is ±10%) ........................................................... 165 
Figure 5.17: ToF-SIMS depth profiles for Li nucleated samples on Ni substrate at (a) 
1 mA cm-2 and (b) 20 mA cm-2 for 0.05 mAh cm-2 at 50 °C. The estimated sputter rate 
is 0.025 nm s-1. ....................................................................................................... 166 
Figure 5.18: Voltage profiles and the SEM images of the 1 and 20 mA cm-2 excess Li 
deposits used for surface analysis........................................................................... 168 
Figure 5.19: Atomic concentration (%) summary determined from the region spectra 
of (a) C 1s, (b) N 1s, (c) F 1s, (d) O 1s, (e) Li 1s and (f) S 2s after Li deposition of 1 
mAh cm-2 (‘excess Li deposit’) at 1 and 20 mA cm-2 at 50 °C. (Estimated error for 
atomic concentration from region spectra is ±10%) ............................................... 170 
Figure 5.20: ToF-SIMS depth profiles for 1 mAh cm-2 electrodeposits on Ni substrate 
at 50 °C; (a) positive polarity at 1 mA cm-2, (b) negative polarity at 1 mA cm-2, (c) 
positive polarity at 20 mA cm-2 and (d) negative polarity at 20 mA cm-2. The estimated 
sputter rates are: (a) 0.007895 nm s-1, (b) 0.2090 nm s-1, (c) 0.025 nm s-1 and (d) 




Figure 5.21: Voltage profiles and SEM images of the 1 and 20 mA cm-2 Li surfaces 
analysed after the consumption of excess Li deposit (after cycling). The asterisk 
marks indicate the point at which the Li samples were analysed after cycling. The 
circles highlight the dendritic structures obtained. ................................................. 173 
Figure 5.22: Atomic concentration (%) summary determined from the region spectra 
of (a) C 1s, (b) N 1s, (c) F 1s, (d) O 1s, (e) Li 1s and (f) S 2s after consumption of 1 
mAh cm-2 excess Li electrodeposit (after cycling) at 1 and 20 mA cm-2 current density 
at 50 °C. (Estimated error for atomic concentration from region spectra is ±10%)
 ................................................................................................................................ 175 
Figure 5.23: ToF-SIMS depth profiles for samples after the consumption of 1 mAh 
cm-2 excess Li electrodeposit (after cycling) at 1 and 20 mA cm-2 current density at 
50 °C; (a) positive polarity - 1 mA cm-2, (b) negative polarity - 1 mA cm-2, (c) positive 
polarity - 20 mA cm-2 and (d) negative polarity -20 mA cm-2. The estimated sputter 
rates are: (a, c) 0.025 nm s-1 and (b, d) 0.1045 nm s-1. ........................................... 177 
Figure 5.24: Comparison of O 1s XPS region spectra for (a) control sample (Ni 
surface soaked in electrolyte and washed with DMC) and (b) Li nucleated surface at 
1 mA cm-2. Electrolyte = 3.2 mol kg-1 LiFSI in [C3mpyr][FSI],  T= 50 °C. .......... 179 
Figure 5.25: Comparison of F 1s XPS region spectra for Li nucleation surface at (a) 
1 mA cm-2 and (b) 20 mA cm-2. .............................................................................. 180 
Figure 5.26: The F 1s region spectra and F- anion ToF-SIMS maps from excess Li 
deposits formed at (a,c) 1 mA cm-2 and (b,d) 20 mA cm-2 at 50 °C. ...................... 183 
Figure 5.27: (a) C atomic concentration (%) summary determined from the region 
spectra of C 1s after Li deposition for 1 mAh cm-2 (‘excess Li deposit’) at (b) 1 mA 
cm-2 and (c) 20 mA cm-2 current densities. (d) C atomic concentration (%) summary 
determined from the region spectra of C 1s after consumption of 1 mAh cm-2 excess 
Li electrodeposit (after cycling) at (e) 1 mA cm-2 and (f) 20 mA cm-2 current density. 
Electrolyte = 3.2 mol kg-1 LiFSI in [C3mpyr][FSI],  T= 50 °C. ............................. 185 
Figure 7.1: Capacity vs cycle number during long term cycling of 18 mol% Zn(dca)2 
+ [C2mim][dca] + 3 wt% H2O at 11 ml min-1 flow rate and ±3 mA cm-2. ............. 197 
Figure 7.2: Ex-situ SEM of Li nuclei deposited at (a) 0.01 mA cm-2, (b) 1 mA cm-2, 




for 0.05 mAh cm-2 on Ni substrate with 3.2 mol kg-1 LiFSI in [C3mpyr][FSI] 
electrolyte at 50 °C. ................................................................................................ 198 
Figure 7.3: High-resolution XPS region spectra for (a) C 1s, (b) F 1s, (c) Li 1s, (d) N 
1s, (e) O 1s and (f) S 2s after 0.05 mAh cm-2 Li nucleation at 1 mA cm-2 at 50 °C.
 ................................................................................................................................ 199 
Figure 7.4: High-resolution XPS spectra for (a) C 1s, (b) F 1s, (c) Li 1s, (d) N 1s, (e) 
O 1s and (f) S 2s after 0.05 mAh cm-2 Li nucleation at 20 mA cm-2 at 50 °C. ...... 201 
Figure 7.5: (a) Summary of survey spectra analysis for control sample (Ni electrode 
soaked in the superconcentrated electrolyte and washed with DMC) and Ni substrate 
as received. (b) C 1s and (c) O 1s region spectra for control sample (Ni electrode 
soaked in the superconcentrated electrolyte and washed with DMC). T = 50 °C. . 203 
Figure 7.6: Detailed lists of species obtained from mass spectroscopy for 0.05 mAh 
cm-2 Li nucleation samples at (a) 1 mA cm-2 and (b) 20 mA cm-2 current densities at 
50 °C. [Normalised intensity = (counts of each species/total counts of secondary 
ions)*100] ............................................................................................................... 204 
Figure 7.7: Presence of NiO in the negative polarity depth profile collected for 1 mAh 
cm-2 Li electrodeposit created at (a) 1 mA cm-2 and (b) 20 mA cm-2 at 50 °C. ...... 205 
Figure 7.8: High-resolution XPS region spectra for (a) C 1s, (b) F 1s, (c) Li 1s, (d) N 
1s, (e) O 1s and (f) S 2s after 1 mAh cm-2 Li deposition (‘excess Li deposit’) at 1 mA 
cm-2 at 50 °C. .......................................................................................................... 206 
Figure 7.9: High-resolution XPS region spectra for (a) C 1s, (b) F 1s, (c) Li 1s, (d) N 
1s, (e) O 1s and (f) S 2s after 1 mAh cm-2 Li deposition (‘excess Li deposit’) at 20 
mA cm-2 at 50 °C. ................................................................................................... 208 
Figure 7.10: Detailed lists of species obtained from mass spectroscopy for 1 mAh cm-
2 Li electrodeposits (‘excess Li deposit’) created at (a) 1 mA cm-2 and (b) 20 mA cm-
2 at 50 °C. ................................................................................................................ 210 
Figure 7.11: High-resolution XPS region spectra for (a) C 1s, (b) F 1s, (c) Li 1s, (d) 
N 1s, (e) O 1s and (f) S 2s after consumption of excess Li deposit (after cycling) at 1 
mA cm-2 at 50 °C. ................................................................................................... 211 
Figure 7.12: High-resolution XPS region spectra for (a) C 1s, (b) F 1s, (c) Li 1s, (d) 
N 1s, (e) O 1s and (f) S 2s after consumption of excess Li deposit (after cycling) at 




Figure 7.13: Detailed lists of species obtained from mass spectroscopy Li surfaces 
after consumption of excess Li deposit (after cycling) at (a) 1 mA cm-2 and (b) 20 mA 





List of Tables 
 
Table 2.1: Some of the recent major installations of RFBs in energy storage 
applications.3,37–39 ....................................................................................................... 9 
Table 2.2: A comparison of physicochemical properties of TFSI and FSI anion based 
ILs. ............................................................................................................................ 28 
Table 2.3: Electrochemical performance of GC, Au and Pt electrodes in a 10 mol% 
Zn(dca)2 in [C2mim][dca] and 3 wt% H2O mixture. ................................................ 33 
Table 2.4: Carbon electrode materials used for RFB applications.3,124 .................... 56 
Table 3.1: Summary of cycling efficiencies obtained with 18 mol% Zn(dca)2 + 
[C2mim][dca] + 3 wt% H2O under static condition at ±3 mA cm-2.......................... 65 
Table 3.2: The sputter areas and corresponding sputter rates used in ToF-SIMS 
analysis. The estimated error for sputter rates is ±10%. ........................................... 76 
Table 4.1. Summary of cycling efficiencies obtained with 9 mol% and 18 mol% 
Zn(dca)2 + [C2mim][dca] + 3 wt% H2O under static, stirring and flow conditions at 
±3 mA cm-2 ............................................................................................................... 79 
Table 4.2. Summary of average cycling efficiencies, discharge capacities and 
Coulombic efficiencies obtained with 18 mol% Zn(dca)2 in [C4mpyr][dca] IL with 
different water contents at ±3 mA cm-2 and 11 ml min-1 flow rate. ........................ 106 
Table 4.3. Summary of cycling efficiencies and discharge capacities for 
[C4mpyr][dca] IL and 3 wt% H2O with varying Zn(dca)2 concentration from 9 to 46 
mol% at ±3 mA cm-2 current density and 11 ml min-1 flow rate. ........................... 112 
Table 5.1: Comparison and summary of literature reports on Li cycling efficiency and 
morphology based on various electrolyte systems, operating parameters and pre-
treatment conditions. (Unless otherwise mentioned, all systems are cycled under 
stack pressure) ........................................................................................................ 153 
Table 5.2: Atomic concentrations (%) obtained from survey spectra for Li nucleation 
samples at 1 and 20 mA cm-2 for 0.05 mAh cm-2 at 50 °C. .................................... 164 
Table 5.3: Atomic concentrations (%) obtained from survey spectra for excess Li 




Table 5.4: Atomic concentrations (%) from survey spectra of Li surfaces after 
consumption of 1 mAh cm-2 excess Li electrodeposit (after cycling) at 1 and 20 mA 
cm-2 and at 50 °C. ................................................................................................... 174 
Table 7.1: Summary of region spectra analysis for Li nucleation sample at 1 mA cm- 2 
for 0.05 mAh cm-2 at 50 °C. (Estimated error for atomic concentration from region 
spectra is ±10%) ..................................................................................................... 200 
Table 7.2: Summary of region spectra analysis for Li nucleation sample at 20 mA 
cm- 2 for 0.05 mAh cm-2 at 50 °C. (Estimated error for atomic concentration from 
region spectra is ±10%) .......................................................................................... 202 
Table 7.3: Summary of region spectra analysis for excess Li deposit at 1 mA cm-2 for 
1 mAh cm-2 at 50 °C. (Estimated error for atomic concentration from region spectra 
is ±10%) .................................................................................................................. 207 
Table 7.4: Summary of region spectra analysis for excess Li electrodeposit at 20 mA 
cm-2 for 1 mAh cm-2 at 50 °C. (Estimated error for atomic concentration from region 
spectra is ±10%) ..................................................................................................... 209 
Table 7.5: Summary of region spectra analysis for Li surface after consumption of 
excess Li deposit (after cycling) at 1 mA cm-2 at 50 °C. (Estimated error for atomic 
concentration from region spectra is ±10%) ........................................................... 212 
Table 7.6: Summary of region spectra analysis for Li surface after consumption of 
excess Li deposit (after cycling) at 20 mA cm-2 current density at 50 °C. (Estimated 







IL  ionic liquid 
RFB  redox flow battery 
VRFB  all vanadium redox flow battery 
CE% coulombic efficiency 
WE  working electrode 
CE  counter electrode 
RE  reference electrode 
[C2mim] 1-ethyl-3-methylimidazolium  
[C4mpyr] N-butyl-N-methylpyrrolidinium 
[C3mpyr] N-methyl-N-propylpyrrolidinium  
[dca]  dicyanamide 
[FSI]  bis(fluorosulfonyl)imide 
[TFSI]  bis(trifluoromethanesulfonyl)imide 
(bpy)  2,2’-bipyridyl 
DMC  dimethyl carbonate 








1.1 A Broader Context  
Global energy demand is exponentially escalating due to population growth 
and continuous advancement of industrialization.1,2 Fossil fuels still supply the 
majority of energy for most applications. However, due to their significant carbon 
footprint as well as the continuous growth in energy consumption, other energy 
storage technologies such as batteries have captured significant research attention.3 
The most prominent rechargeable battery technologies are Li-ion, lead-acid and Ni-
Cd.4 In particular, Li-ion batteries are widely used in portable electronic devices due 
to their high energy density, high power capability and long life-time (>1000 cycles).5 
Recently, automobile manufacturers have introduced Li-ion batteries to hybrid and 
fully electric vehicles to reduce the fuel consumption.6 However, the application of 
Li-ion battery technology in large scale energy storage is still challenging due to 
safety concerns associated with the use of flammable organic electrolytes, the 
relatively high cost of Li-ion batteries, and the world’s limited Li reserves.4 
Therefore, while work on improving Li-ion battery technology continues, researchers 
are also focused on alternative high-performance battery technologies. 
Within the past few decades, there has been continued interest in developing 
redox flow batteries (RFBs) based on various redox couples. As a result, both 
vanadium and Zn-Br RFBs are commercialised and are currently being used for 
medium-to-large scale energy storage applications.3 In RFBs, the energy storage 
capacity is determined by the concentration of active species and the volume of 
electrolyte, whilst power output is determined by the number of cells in a battery 
stack and the active electrode surface area.3 The electrolyte solutions are stored 
externally in RFBs (Fig 2.1), which allows independent control of power output and 
energy storage capacity, making them unique in their ability to provide customized 
power and energy requirements for each application. In addition, pre-fabricated 
modular design, longer lifetimes (10–20 years for vanadium RFB)7 and the fact that 





Current state-of-the-art Zn-Br RFBs have a theoretical energy density of 440 
Wh kg-1,3 which is significantly higher than the theoretical energy density of Li-ion 
batteries (220 Wh kg-1 for graphite/Lithium nickel manganese cobalt oxide).9 
However, only 65–75 Wh kg-1 practical energy density has been achieved, due to the 
low solubility of the active materials in the supporting electrolyte.10 Vanadium RFBs 
(VRFBs) also encounter the same dilemma, where their practical energy density is 
limited to 25 Wh kg-1 3 (theoretical 60 Wh kg-1)4 due to the poor solubility of 
vanadium redox species in aqueous acidic solvent. Therefore, to increase the energy 
storage capacity of RFBs, large volumes of electrolyte and bulky electrolyte storage 
tanks are being used; these obviously limit the application of this technology to 
stationary energy storage. Further, the corrosive and potentially dangerous nature of 
the aqueous acidic electrolytes employed (e.g. sulfuric acid) is another concern.3,11 
These issues hinder the application of RFBs in portable electronic devices.4 
Therefore, further research approaches are required towards developing portable 
RFBs with higher energy density and less corrosive solvents, suitable for broader 
application beyond stationary energy storage. 
  
1.2 Ionic Liquids and Anodic Redox Couples  
In the search for safer, less corrosive solvents, ionic liquids (ILs) have gained 
much attention, owing to their high thermal and chemical stability, wide 
electrochemical windows and negligible vapour pressures.12 As will be discussed in 
detail in Chapter 02, several high energy density anodic redox couples have shown 
favourable electrochemical performance with IL-based electrolytes. For instance, in 
previous studies, the Zn2+/Zn0 redox couple (-1.8 V vs Fc+/0) has shown good 
electrochemical reversibility, uniform and dendrite-free deposition morphologies as 
well as good Zn|Zn symmetric cell cyclability in [dca] anion based ILs under static 
(i.e. no flow) conditions.13–15 Further, it was reported that [C2mim][dca] IL is more 
promising (compared to the analogous pyrrolidinium IL) for Zn2+/Zn0 
electrochemistry under static conditions, in terms of the ability to perform at 
relatively higher current density (0.1 vs 0.05 mA cm-2) and longer cyclability (90 vs 
15 cycles).  
More recently, the higher energy density Li+/Li0 (-3.4 V vs Fc+/0) redox couple 
has shown high solubility (50 mol%, 1:1 molar ratio) in [C3mpyr][FSI] IL where the 




including reproducible and stable Li|Li symmetric cell cycling and excellent rate 
capability (4C-5C) in Li|LiCoO2 system under static conditions.16,17 The favourable 
transport properties of Li+ ions in superconcentrated electrolytes are one of the 
suggested reasons for this excellent performace.16 For the implementation of efficient 
and safe Li-metal based RFBs, it is important to develop strategies to achieve higher 
current densities, thus higher charge and discharge rate capabilities, while minimizing 
the risks of short-circuit and thermal runaway by preventing dendrite formation. Thus 
it should be emphasized that, despite the favourable physical and electrochemical 
properties of the superconcentrated Li/[C3mpyr][FSI] system, previous studies have 
been limited to current densities below 1 mA cm-2 indicating the opportunity for 
further research and improvement.16,17  
In addition, the negative potentials of Zn2+/Zn0 and Li+/Li0 anodic redox 
couples can also result in high battery voltages by integrating them with appropriate 
cathodic redox couples such as transition-metal based complexes [M(bpy)3]2+/3+ (M 
= Fe2+, Co2+)18,19 and semi-solid cathodic suspensions.20 For instance, by integrating 
the Li+/Li0 redox couple with [Fe(bpy)3]2+/3+, battery voltages as high as 4 V can be 
obtained. Such high voltages can contribute towards achieving higher power output, 
whereas the superconcentrated electrolyte systems can significantly increase the 
energy density, thereby reducing the required electrolyte volume for energy storage.  
The beneficial properties associated with ILs and the promising performance 
of Zn2+/Zn0 and Li+/Li0 anodic redox couples in IL electrolytes make them primary 
negative electrode candidates for the development of higher energy density, small-
scale and safe RFBs. Therefore, as will be discussed in detail in the next Section, this 
thesis is focused on studying high energy density anodic redox couples such as 
Zn2+/Zn0 and Li+/Li0 in IL electrolytes for application in redox flow-cells. 
 
1.3 Research Gaps, Aims and Approach  
As will be addressed in the Literature review, the transport properties of ILs, 
electrolyte composition, operating parameters — such as the flow rate, applied 
current density and charge capacity — as well as the choice of substrate, can 
significantly alter the electrochemical performance of redox couples and deposition 
morphologies, which ultimately influence the battery performance.10,21–24 However, 
there has been limited research on the effect of these parameters on the cell 




the influence of flow. Moreover, very little is known about the IL electrolytes 
applicability and performance in flooded electrolyte systems such as in RFBs. From 
the application perspective, the highly stable Zn-[C2mim]/[C4mpyr][dca] and high 
energy density Li-[C3mpyr][FSI] systems are yet to be evaluated in detail under the 
influence of flow or in flooded electrolyte systems.  
Therefore, this study aims to develop a fundamental understanding of the 
effects of electrolyte transport properties, active material concentration, nucleation 
process and operating conditions (such as flow rate, applied current and charge 
capacity) on the electrochemical performance under flow and/or flooded electrolyte 
conditions. Electrochemical characteristics such as overpotential, redox current 
densities, electrochemical reversibility, cycling efficiency and long term cycling 
stability will be assessed. This is coupled with investigation of the effects of 
physicochemical and electrochemical properties on the deposition morphologies of 
the Li and Zn electrodes. These studies will elucidate key parameters necessary to 
achieve a higher energy density redox flow cell with higher power output.  
 
 
1.4 The structure of the thesis 
This thesis is structured as follows: 
 
Part I: Introduction and background, introduces the thesis and then provides a 
comprehensive overview of the field of RFBs, especially application of Zn2+/Zn0 and 
Li+/Li0 redox couples with conventional and IL electrolytes. The experimental 
methods are also provided. This content is in Chapters 1, 2, and 3. 
Part II: Detailed investigation and discussion about the application of Zn2+/Zn0 and 
Li+/Li0 redox couples in IL electrolytes for RFBs. This content is in Chapters 4 and 5. 
Part III: Conclusions and Future Work, summarizes the major findings of this 
research and implications for future studies. This content is in Chapter 6. 
Part IV: Appendix, provides the XPS region spectra, detailed lists of species detected 






Literature Review  
 
As previously mentioned, RFBs are attractive for rechargeable energy storage 
because they allow independent tailoring of power output and energy storage capacity 
to best suit the application, perform well for long times, and are economical to 
construct and maintain. However, the current RFB technologies are limited to 
stationary energy storage due to the low practical energy density caused by poor 
solubility of active species, leading to the requirement for large electrolyte volumes 
to achieve high energy-storage capacity. This demands bulky electrolyte storage 
tanks, resulting in heavy weight. In addition, the highly corrosive electrolytes and 
low operating potentials due to H2O electrolysis are other limitations. Therefore, 
different research approaches are needed to develop a small scale and safe RFB with 
higher energy density, higher power output and efficiency. The following literature 
review will provide a comprehensive analysis of the current redox flow systems to 
help identify the aspects that require further improvement to meet the specified 
requirements. Detailed discussions on the plausible redox couples and solvent 
systems suitable for this purpose will be provided. 
 
 
2.1 Operation of a Redox Flow Battery 
A typical RFB is composed of two electrolyte solutions, in which the anodic and 
cathodic electroactive species are dissolved; these electrolyte solutions are stored 
externally in separate tanks. They are then pumped into the electrochemical cell stack. 
The anode and cathode chambers in the cell are separated by an ion exchange 
membrane to avoid cross contamination, while selected ions are transported across 
the membrane to maintain a neutral electrical balance. When the redox species flow 
thorough the electrochemical cell, they undergo electron-transfer reactions at the inert 
electrode surfaces. This process generates and/or stores energy that can be used to 





   
 
Figure 2.1: A schematic of an all-vanadium redox flow battery. 
 
 
2.2 Timeline for the Development of Redox Flow Batteries 
The concept of RFB was first introduced by Charles Renard and Arthur Krebs 
in 1884 with the invention of the first Zn/Cl redox system, which was revisited by 
Japanese researchers in 1968.4 However, significant research attention towards the 
development of RFBs started with the introduction of the Fe/Cr RFB by Lawrence 
Thaller at NASA in 1974.4,25 His initial design was a 1 kW system with acidified 
solutions of Fe and Cr redox couples. Despite the desirable characteristics of this 
system such as low cost and benign nature of such redox couples, two major issues 
are yet to be solved: (1) cross contamination of electroactive species and (2) poor 
electrochemical reversibility of Cr.  
The development of another promising chemistry, Zn-Br RFB, was initiated 
in the mid-1970s for load-levelling applications. Since then, Zn-Br RFBs have 
undergone heavy development to reach the commercial market. For instance, in 1983 
Zn-Br systems with 3, 10 and 20 kWh were demonstrated3 and in 1990, a 1 MW (4 
MWh) Zn-Br RFB system was installed at the Imajuku energy storage test plant in 




Power Corp., Primus Power and ZBB Energy Corp. are manufacturing Zn-Br RFB 
modules which are expandable from 50 kWh to 500 kWh depending on the 
application.3,5  
The evaluation of V2+/V3+ and V4+/V5+ redox couples in VRFB was first 
carried out by NASA in 1977. The first successful demonstration of VRFB was 
performed by Maria Skyllas-Kazacos et al. at the University of New South Wales, 
Australia, in 1985 using H2SO4-based electrolytes and carbon-based electrode 
materials.27 This invention has been commercialized for various applications such as 
load levelling, power quality control and renewable coupling. Since 1985, significant 
developments in VRFBs were carried out including the first demonstration of a V-Br 
RFB in 2003.28   
Another type of chemistry, the Bromine - polysulfide RFB was introduced in 
1984 by Robert Remick and Peter Ang.29 This technology was extensively studied 
and developed by Regenesys Technologies (UK) between 1991 and 2004. They have 
demonstrated a 1 MW pilot plant at Aberthaw power station in South Wales.30 In 
2004, Pletcher et al. proposed a membrane-free, undivided, soluble Pb-acid RFB 
employing a single methanesulfonic acid electrolyte.31 This has demonstrated a 
discharge current density of 60 mA cm-2 along with a coulombic efficiency of 85% 
and an energy efficiency of ~65%.32 Following this work, single flow Zn-Ni and Zn-
Ce redox systems have also been proposed.33,34 
In recent years, various researchers have reported proof-of-concept for Li-
based flow batteries. In 2011, Duduta et al. proposed the concept of a semi-solid Li-
ion based flow battery which incorporated a flowable suspension of active material, 
a conductive agent and an organic-solvent based Li electrolyte.20 Since 2012, various 
flow systems incorporating static Li metal anodes were also proposed35: (1) Li metal 
coupled with carbonyl- or nitroxide-based organic cathodic redox couples, (2) Li 
metal coupled with flowing aqueous catholyte such as iodide and (3) Li metal-
aqueous polysulfide system proposed for large scale energy storage. Selected systems 
will be further discussed in detail in Section 2.4.3. The timeline of RFB development 







Figure 2.2: Development of redox flow battery technologies.36 
 
 
2.3 Commercial Availability and Applications of Redox Flow 
Batteries 
Redox flow batteries are typically designed for medium to large scale energy 
storage applications. Currently, the most developed and commercially up scaled flow 
battery technologies are VRFB and Zn-Br. Many companies around the world such 
as Sumitomo Electric, Prudent Energy, UniEnergy Technologies, Redflow Ltd., 
Imergy Power Systems and American Vanadium are involved in the development 
and commercialization of these redox flow technologies, which are being used in 
applications such as load levelling, power quality controlling and facilitating 
renewable energy deployment by coupling them with solar cells and wind turbines. 






Table 2.1: Some of the recent major installations of RFBs in energy storage 
applications.3,37–39 

































































































































2.4 Types of Redox Flow Batteries 
This section will address the electrochemistry, benefits and challenges of 
different types of RFBs that have been developed along the timeline incorporating 
aqueous and non-aqueous electrolytes. It will help identify the issues to be addressed 
when developing new redox chemistries. 
 
2.4.1 All-Liquid Aqueous Flow Batteries  
 
In all-liquid RFBs the electroactive species, in both charged and discharged states, 
are present in the electrolyte solutions. The energy storage capacity of such systems 
can be increased by simply using a larger volume of electrolyte, or a higher 
concentration of electroactive species. This type of RFB requires an ion-exchange 
membrane to separate the cathodic and anodic compartments to avoid cross-
contamination, whilst allowing selected ions to be transported across to maintain a 
neutral electrical balance. This section will discuss important redox chemistries, 
including Fe-Cr, all vanadium and polysulfide-bromine systems in detail.   
 
Fe-Cr Redox Flow Battery 
This employs Fe2+/Fe3+ and Cr2+/Cr3+ in aqueous hydrochloric acid (HCl) as 
the cathodic and anodic redox couples, respectively, resulting in a standard cell 
voltage of 1.18 V. Carbon felt is typically used as the inert electrode material in both 
half cells. The corresponding redox reactions during charging and discharging are 



















Although Fe2+/Fe3+ is an excellent redox couple with fast kinetics, Cr3+ to Cr2+ needed 
a catalyst to enhance its reaction kinetics.4 Therefore, catalysts such as Bi, Au, Pb 
and Tl have been incorporated; these catalysts have high overpotentials towards the 
H2 evolution reaction, to prevent this reaction from competing with Cr3+ reduction.3 
The slow kinetics for chromium were also suggested to be caused by the presence of 
electrochemically inactive [Cr(H2O)6]3+ and electrochemically active [Cr(H2O)5Cl]2+ 
species in equal concentrations in equilibrium with each other.3,40 This was addressed 
by elevating the operating temperature to 65 °C, which in turn escalated the cross-
contamination because the ion-selectivity of the membrane was not as effective at 
higher temperatures.3 Therefore, despite many research attempts, the Fe-Cr RFB still 
faces many challenges — cross-contamination, the requirement for noble metal 
catalysts to enhance the reaction kinetics of the Cr2+/Cr3+ redox couple, and the use 
of corrosive HCl as the supporting electrolyte. These issues hinder its commercial 
development. 
 
All Vanadium Redox Flow Battery (VRFB) 
The first successful demonstration of a VRFB was reported by Skyllas-
Kazacos et al. in 1985.27 They employed a solution of 2 M VOSO4 in 2 M H2SO4 in 
both half-cells to obtain V2+ by electrochemical reduction and V5+ by electrochemical 
oxidation during the initial charging process (OCV 1.26 V). The reactions are shown 








V3+ + e- ⇆  V2+    ----------------  (2.4) 
 
 
By employing the same element in both half-cell electrolytes, this system avoids the 
issues associated with cross-contamination. The relatively fast kinetics of the 








A graphite negative electrode was used, along with either a carbon cloth fastened to 
a graphite plate or a platinized titanium positive electrode. 
Following this invention, several studies were carried out by Skyllas-Kazacos 
et al. to improve the cell performance by incorporating different electrode materials 
and optimizing the electrolyte system. For instance, electrode materials such as 
graphite felt, graphite-impregnated polyethylene and carbon fibre reinforced plastic 
were studied.41,42 Of these, the latter two resulted in the highest coulombic efficiency 
(CE%, 97%) and overall energy efficiency (86%). Carbon plastic electrodes were 
shown to have excellent stability over 50 cycles in the temperature range from 5 to 
45 °C without noticeable degradation in electrode performance. A recent study 
reported that graphite felt that had been treated with microwaves for 15 minutes at 
400 °C showed enhanced electro-catalytic activity and improved the CE% (97%) 
compared to that obtained with pristine graphite felt (90%).43 This was attributed to 
the increase in surface roughness and –OH functional groups on the defects generated 
by microwave treatment. 
The operating temperature also plays an important role in the performance of 
the VRFB, as it was found that if the V5+ concentration exceeded 2 M in 3–4 M H2SO4 
solution, then V2O5 precipitation occurred at temperatures above 40 °C. Therefore, 
V5+ concentration needs to be limited to 1.5 M.44 On the other hand, at operating 
temperatures below 10 °C, precipitation of solid vanadium oxides occurs in V2+/V3+ 
solution.3 Since the energy density of the VRFB is determined by the solubility of 
vanadium redox species, the above phenomenon limits the practical energy density 
of VRFBs to 25 Wh kg-1 3 (theoretical 60 Wh kg-1)4 and the operating temperature of 
the battery to 10–40 °C. The high cost of vanadium (20 AUD kg-1) is another issue 
with VRFBs.45 Different strategies have been pursued in order to increase the 
concentration of the vanadium redox species. Mixtures of H2SO4 and HCl acids have 
successfully increased the vanadium solubility to 2.5 M.46 Even higher concentrations 
of vanadium (4 M) have been achieved when using a mixture of VBr3 and VBr4 (1:1) 
in HBr as described in a recent patent by Skyllas-Kazakos et al. 47 However, the 
generation of toxic bromine in the catholyte is a downside of this approach. 
The highly oxidative nature of V5+ is also problematic, because over time it 
degrades most membrane materials. As a possible solution, Wang et al. proposed the 
use of a less oxidative Fe2+/Fe3+ redox couple instead, to be used in conjunction with 
V2+/V3+ in the negative half-cell.48 In both compartments HCl acid was used as the 




energy efficiency of ~80% at room temperature. However, rapid capacity fade 
occurred during cycling due to cross-contamination of Fe and V-ions. A mixed 
reactant solution, 1.25 M Fe and 1.25 M V in 2.3 HCl, has been employed in both 
half-cells to avoid cross-contamination; this approach reduced the capacity fade over 
50 cycles while maintaining the energy efficiency. However, the requirement of an 
expensive ion-exchange membrane such as Nafion is still a downside of this battery. 
As previously mentioned, many research groups and companies around the world are 
actively involved in solving these issues and advancing the current VRFB 
technology. 
 
Polysulfide - Bromine Redox Flow Battery 
The first polysulfide - bromine RFB employed aqueous solutions of 1 M NaBr 
electrolyte in the positive half-cell and 2 M Na2S4 electrolyte in the negative half-
cell,29 separated by a Na+ cation exchange membrane to avoid the sulfide anions 
directly reacting with bromine through cross-contamination.30 A graphite positive 
electrode and a sulfided porous Ni negative electrode were used (OCV 1.74 V). The 








3Br-  ⇆ Br3- + 2e-   ---------------- (2.6) 
 
 
This technology is still at research level due to various challenges such as the 
high overpotential associated with the negative electrode, risk of cross-
contamination, precipitation of sulfur on the electrodes or membrane and risk of 
generating toxic gases such as Br2 and H2S. Some researchers have tested different 
electrode materials to overcome the overpotential of the polysulfide/sulfide electrode. 
For instance, Zhang et al. reported an increase in energy efficiency to 81% by 
employing Co catalysed graphite felt.49 Other carbon-based materials, such as 










Further, the application of electrocatalytic porous Ni foam as the negative electrode 
material has also shown an energy efficiency of 77%.50 However, further research 
attention is required to solve the issues associated with this technology prior to 
possible commercialization. 
 
2.4.2 All-Solid Redox Flow Batteries 
 
In all-solid RFBs, chemical energy is stored in the electrodeposits of the active 
material during the charging process. This energy can be released by the dissolution 
of electrodeposits during discharge. Several all-solid RFBs such as soluble Pb-acid, 
all Fe and all Cu have been developed.4 This section is focused on the membrane-free 
soluble Pb-acid battery as it has captured much attention owing to its low cost over 
the membrane-containing all-Fe or all-Cu systems. 
 
Soluble Pb-acid Redox Flow Battery 
A membrane-free soluble Pb-acid battery was first proposed by Pletcher et al. 
in 2004. This battery employed a single electrolyte solution of 1.5 M Pb2+ in 0.9 M 
methanesulfonic acid,51 and demonstrated a CE% of 85% and an energy efficiency 
of 65% over a range of current densities from 10 to 40 mA cm-2.  
 
Anode:   
 
 Pb2+ + 2e-  ⇆ Pb    ---------------- (2.7)   
 
 
Cathode:   
 
  Pb2+ + 2H2O   ⇆ PbO2 + 4H+ + 2e-  ---------------- (2.8)  
 
 
However, several inefficiencies such as the electrodeposition of relatively 
loose β-PbO2 phase (leading to poor cycle life), high overpotential (caused by the 
slow kinetics of the cathodic process) and Pb dendrite formation have been identified 
with this technology. In order to facilitate the formation of a smooth Pb electrodeposit 










additives with OH-, Cl- or Br- anions have been introduced. However, they are most 
applicable at moderate Pb2+ (1.2 M) and methanesulfonic acid (1 M) concentrations, 
which are unfavourable for improving energy density.52 
 
2.4.3 Hybrid Redox Flow Batteries 
 
In hybrid RFBs, one of the redox couples involves the electrodeposition of a metal 
species during the redox reaction, while the other active species oxidizes into a 
soluble redox species. This section will focus on Zn2+/Zn0 and Li+/Li0, which are 
some of the most attractive anodic redox couples for hybrid RFB applications.   
 
2.4.3.1 Zn Metal Anode Aqueous Redox Flow Batteries 
 
Zinc is an attractive anode material for RFB applications owing to its negative 
potential (-0.76 V vs SHE in comparison to V2+/V3+ -0.26 V vs SHE), high theoretical 
specific capacity (820 mAh/g vs V2+/V3+ 526 mAh/g), low material cost, earth 
abundancy and environmental friendliness.4,11 Rechargeable RFBs based on Zn, 
coupled with different electropositive redox species including chlorine, bromine, 
cerium, nickel and ferricyanide to achieve a higher energy density, have been heavily 
investigated in the past. 
 
Zn-Br Redox Flow Battery 
As mentioned before, Zn-Br RFB technology is of interest due its high 
theoretical specific energy density (440 Wh kg-1), relatively high theoretical cell 
potential (1.82 V), good electrochemical reaction reversibility and relatively low cost 
of the materials of construction.3,53 In this battery, an aqueous 1–3 M ZnBr2 
electrolyte was used in both half-cells, and the corresponding reactions are shown in 
equations (2.9) and (2.10). 
 
Anode:   
 









Cathode:   
 
2Br-     ⇆ Br2 + 2e-       (E° = 1.09 V vs SHE)  ----------- (2.10)  
 
 
However, due to many health hazards associated with Br2 gas, a complexing agent 
was introduced into the catholyte to contain it. The most commonly used complexing 
agents were quaternary ammonium salts such as N-ethyl-N-methylmorpholinium and 
N-ethyl-N-methylpyrrolidinium bromide.3,4,54  
In conventional Zn-Br RFBs, small quantities of NaCl supporting electrolyte 
were incorporated into the electrolyte solution to maintain its conductivity when the 
primary electrolyte, ZnBr2, depleted during the charging process.55 However, due to 
the corrosive nature of Cl- ions towards the electrodeposited Zn, Rajarathnam et al. 
recently investigated four other Na-based supporting electrolytes (Br-, SO42-, H2PO4- 
and NO3-).56 They showed that the type of supporting electrolyte used has a 
significant influence on the Zn morphology and the crystallite size (Fig. 2.3A). 
Electrolytes that produced smaller crystals (Br-, SO42-, H2PO4-) showed 




Figure 2.3: (A) SEM images of Zn deposits after 10 minutes with (a) Na2SO4, (b) 
NaBr, (c) NaCl, (d) NaH2PO4 and (e) NaNO3 supporting electrolytes at 20 mA/cm2. 
(B) CV analysis of electrolyte solutions with Na2SO4, NaBr, NaCl, NaH2PO4 and 
NaNO3 (Courtesy of reference,56 link to the license 








To avoid self-discharge through diffusion of Br2 to the electrodeposited Zn in the 
fully charged state, a microporous film or an ion-exchange membrane was 
incorporated into the battery.57  
However, some issues are yet to be solved in aqueous Zn-Br RFBs, including: 
Zn dendrite formation during charging, poor solubility of active species leading to 
low practical energy density (65–75 Wh kg-1),10 low potential limit of the aqueous 
solvent, corrosive nature and extreme health hazards associated with the Br-/Br2 
redox couple. Therefore, further research approaches are still required to address 
these challenges. 
 
Zn-Polyiodide Redox Flow Battery 
 
Recently, Li et al. reported a high discharge energy density Zn-polyiodide 
redox flow system (theoretical 322 Wh l-1) replacing the Br-/Br2 redox couple in Zn-
Br RFB with I-/I3-.10 The OCV reported was 1.29 V. The corresponding half-cell 









3I-  ⇆ I3- + 2e- (E° = 0.536 V vs SHE) ------------ (2.12) 
 
 
They made a flow cell using a 3.5 M ZnI2 single electrolyte and a Nafion 115 
membrane, and demonstrated stable cycling performance for 40 cycles at 10 mA 
cm- 2, resulting in a CE% of 99% and a discharge energy density of 125 Wh l-1. With 
further increment in ZnI2 concentration to 5 M, the discharge energy density 
increased further to 167 Wh l-1. However, at such higher concentration, the CE% 
decreased to 96%. 
In addition, at higher ZnI2 concentrations, the formation of the [ZnI3.5H2O]+ 
complex initiated precipitation of I2, meaning that the theoretical energy density (322 
Wh l-1) could not be obtained. Therefore, ethanol, which is energetically more 










to weaken the interactions between Zn2+ and I3- ions. However, this additive led to a 
decrease in electrolyte conductivity, resulting in higher cell polarization. Similar to 
other Zn aqueous redox flow systems, Zn dendrite formation is another major issue 
yet to be tackled in this system. Although the addition of ethanol also helped decrease 
the dendrite formation, its unfavourable role in decreasing the electrolyte 
conductivity and increasing the cell polarisation means that further studies to optimise 
the electrolyte composition are still needed. 
 
Zn-Ce Redox Flow Battery 
The Zn-Ce RFB patented by Plurion employed two electrolyte solutions based 
on Zinc and Cerium methanesulfonate salts with methanesulfonic (CH3SO3H) acid 
as anolyte and catholyte, respectively (OCV 2.4 V).58,59 The corresponding half-cell 









Ce3+  ⇆ Ce4+ + e- (E° = 1.72 V vs SHE)  ------------ (2.14) 
 
 
This technology is still at research level due to limitations caused by the slow kinetics 
of the Ce3+/Ce4+ redox couple, and the concentration limit of 0.2 M Ce3+ leading to a 
low battery energy density.53 Although a higher acid concentration improved the Ce3+ 
solubility, it also caused a negative impact at the Zn electrode, by enhancing the H2 














2.4.3.2 Li Metal Anode Redox Flow Batteries 
 
Li metal is an ideal anode material with a theoretical specific capacity (3862 mAh 
g- 1) ten times higher than that of graphite, a very negative potential (-3.04 V vs SHE) 
and a low density (0.534 g cm-3) which facilitate the design of storage systems with 
high energy density.60,61 Li-metal based RFBs, which are still an emerging 
technology, provide the opportunity to combine these advantages with the beneficial 
aspects of RFBs to extend their applications beyond stationary energy storage. 
However, there are many challenges yet to be overcome to reach this goal. This 
section will focus on some of the most studied redox chemistries based on a static Li 
anode and a flowing cathode in aqueous and non-aqueous electrolytes to identify the 
research areas that need to be further addressed to develop a sustainable Li-metal 
based RFB.    
 
Li-Fe Redox Flow Batteries  
In 2011, Lu et al. reported a proof-of-concept of this technology using an 
aqueous catholyte with Fe3+ and a Li metal anode with conventional organic 
electrolyte (1 M LiPF6 in EC:DEC) in a static Li-redox cell.62 The anode and cathode 
were separated by a NASICON-type (NASICON- sodium superionic conductor) 
lithium-ion conducting solid electrolyte (Li1+x+yAlxTi2-xSiyP3-yO12). However, the 
partial reversibility of the cathodic redox couple, mainly caused by the hydrolysis of 
Fe3+ and Fe2+ at neutral pH resulting in FeO(OH) and Fe(OH)3 precipitation products, 
hindered their application, even at low current densities such as 0.5 mA cm-2. More 
stable [Fe(CN6)]3-/[Fe(CN6)]4- cathodic redox couple gave a high CE% of 98.6% for 
25 cycles, however, this was only reported at very low [Fe(CN6)]3- concentration 
(0.01 M). When its concentration was increased to 0.1 M, the CE% decreased to 
97.6%. The maximum applicable current density reported in this study was 2.5 mA 
cm-2, due to the deterioration of the solid electrolyte separator.  
To avoid the hydrolysis of Fe3+ and Fe2+ ions, Wang et al. employed an acidic 
aqueous solution of FeCl3 as the flowing catholyte.63 Li metal was used with a 
conventional organic electrolyte under static conditions as the anode. A schematic of 
the cell is shown in Figure 2.4. However, similar to previous studies, the active 
species concentrations and the applied current densities reported are quite low (Li+: 




electrolyte was suggested to be destructive towards the electrode separator. 




Figure 2.4: Schematic of a Li-Fe flowing cathode redox cell.64  
 
Li-polyiodide cathode Flow Batteries   
The I3-/ I- cathodic redox couple (which had been previously studied coupled 
to a Zn metal anode) has also been coupled with a Li metal anode. The I3-/ I- cathodic 
redox couple has shown good solubility in aqueous solvents (>1.5 M) and highly 
reversible redox reaction with a rate constant in order of 10-3 to 10-2 cm s-1, which 
was higher than those of the redox couples used in conventional RFBs (e.g.: bromide 
10-5 cm s-1).35,53 The Li metal anodes in these systems were in a conventional organic 
electrolyte.  
The first demonstration of the Li-polyiodide system was reported by Zhao et 
al. in 2013 using two KI concentrations, 0.8 and 1 M, where both the anode and the 
cathode were in static mode.65 Both 0.8 and 1 M KI catholyte based cells showed 
good cyclability (100 and 20 cycles, respectively) at 2.5 mA cm-2 current density, 
with negligible capacity fade. A subsequent study used a flowing catholyte containing 
0.5 M LiI, and demonstrated 20 cycles with >99% capacity retention at 2.5 mA cm-2 
current density.66 The cell performance was further improved by incorporating a 
tailored 3D electrode structure with a highly conductive, vertically aligned carbon 
nanotube mat as the cathode current collector.67 Stable cycling performance for 200 
cycles without significant capacity fade under static condition was obtained.  
Despite the progress of this technology, several major challenges such as: (1) 




conventional organic electrolyte and (3) the requirement for a highly ionic conductive 
separator are yet to be solved. These last two challenges also affect the other Li RFB 
technologies discussed in this section. 
 
Li-polysulfide Redox Flow Batteries  
Unlike the previous Li redox flow technologies, the Li-polysulfide RFB 
employs non-aqueous solvents in both anode and cathode compartments. Application 
of non-aqueous solvents not only increase the choices of available redox couples 
(because these solvents have wider electrochemical windows than those of aqueous 
solvents) but also reduces the safety concerns associated with the reaction between 
metallic Li and H2O in an aqueous catholyte.  
Non-aqueous Li-polysulfide RFBs are attractive due to the natural abundance 
and low cost of sulfur, as well as its high theoretical capacity (1675 mAh g-1).35 The 
first polysulfide Li-redox cell, described by Rauh et al., was a static system composed 
of Li metal in LiAsF6/THF as the anode, polysulfide dissolved in THF/LiAsF6 as the 
catholyte and Teflon bound C as the current collector.68 Although the cell reached 
90% coulombic efficiency, it deteriorated rapidly after 10–20 cycles, which was 
suggested due to the lack of effective technique to suppress the shuttle effect between 
soluble polysulfides and Li.35 Since then, various strategies have been proposed to 
suppress the shuttle effect, such as: (1) passivating the Li anode to restrain electron 
hopping to polysulfide anions; (2) optimizing the electrolyte composition by using 
solvents with high dielectric constant (e.g.: amides, sulfoxides, nitriles) that stabilize 
the charged species more effectively; and (3) improving the cell design by choosing 
appropriate separators to mitigate the polysulfide cross-contamination and 
developing electrode structures to promote the polysulfide redox kinetics.35 Some 
strategies have shown promising outcomes; for instance, the application of LiNO3 to 
enhance the Li metal passivation by Zhang et al. has improved the cycling 
performance to achieve 70 cycles with good capacity retention.69 
Apart from the ongoing challenge to suppress the shuttle effect, the 
flammability and toxicity of non-aqueous organic solvents, the low ionic and 
electronic conductivity of S and the significant volume change during phase 
transformation between S and Li2S2/Li2S are also problematic.35  
 
It should be noted that in previous studies on Li redox flow technologies the main 




performance (e.g.: morphology, cyclability) of the Li anodes under the applied 
experimental conditions. Therefore, the following Section will discuss the 
performance of Li metal with conventional organic electrolytes in detail, using 
studies that have been primarily carried out in the quest for lithium metal batteries. 
 
 
2.5 Zn and Li Metal Anodes with Non-Aqueous Electrolytes 
 
This section is focused on the application of non-aqueous electrolytes with Li and Zn 
metal anodes to develop a better understanding of their electrochemical behaviour, 
deposit morphologies and cycling performance in such environments. It will help 
identify the issues that still should be addressed to develop efficient, safe and high 
energy density small scale RFBs. 
 
2.5.1 Li Metal anode  
As previously mentioned, Li metal is an attractive anode for RFBs to achieve 
a high energy density. Therefore, it is of great importance to understand the behaviour 
of Li metal in the electrolytes of interest. The Li deposit morphology and CE%, which 
are intricately linked with one another, are two of the most crucial parameters 
influencing the safety characteristics and cycling capability of Li metal.70 This is 
because the formation of needle-like Li structures (i.e. dendrites) during Li 
plating/stripping can cause short circuits, which then risk triggering thermal runaway 
and explosion. When Li metal is in contact with the electrolyte, it instantaneously 
reacts with the electrolyte to form an electrically insulating but ionically conductive 
solid electrolyte interphase (SEI), protecting the Li electrode from further reaction 
with the electrolyte. However, in the presence of freshly formed dendritic growth, the 
electrolyte and the lithium metal can continue to react, consuming both the electrolyte 
and Li metal, and leading to poor CE%. Therefore, to achieve a high CE%, the Li 
deposit morphology must be controlled to suppress the dendritic growth and other 
associated side reactions. The solvent used in the electrolyte plays a critical role in 
determining this phenomenon. 
Alkyl carbonate solvents, as used in Li-ion batteries, have also been studied 
with Li metal. Ding et al. investigated the Li CE% and deposition morphology from 




(dimethyl carbonate-DMC, ethyl methyl carbonate- EMC) carbonate single solvent 
electrolytes using a Cu substrate at 0.5 mA cm-2 current density.71 As shown in Figure 
2.5, all the solvents have resulted in formation of Li dendritic clusters, while the 
morphologies are distinct from one another. The cyclic carbonates have resulted in 
thick Li clusters with tangled needle-like structures whereas the linear carbonates 




Figure 2.5: SEM images of Li deposit morphologies from 1 M LiPF6 based 
electrolytes containing (a) PC, (b) EC, (c) DMC and (d) EMC.71 
 
In addition, the SEI layers formed from cyclic carbonates are mainly composed of 
LiF and LiCO3, while more organic compounds (which are less effective in 
passivating Li metal) have been found in the SEI layers formed from linear 
carbonates. The authors have suggested that both the Li morphology and SEI 
structure/composition have strongly influenced the CE%, leading to higher 
efficiencies with cyclic carbonates (PC - 77%, EC - 95%) and poor efficiencies with 
linear carbonates (DMC - 24%, EMC - 7%). Multiple other reports have also focused 
on investigating the applicability of single organic solvents with Li metal.70 
However, due to the high melting temperature of EC, it is widely used as a 




Aurbach et al. have reported the Li electrode behaviour in 1 M LiPF6 in various 
compositions of EC:DEC electrolyte at 1.5 mA cm-2 current density.72 All the 
electrolyte compositions (except 3:1 EC:DEC) have resulted in a CE% below 50% 
and a dendritic Li deposit morphology. All the electrolyte compositions (DEC with 0 
to 82% of EC) have also shown a gradual increase in interfacial resistance during 
prolong storage, indicating the ongoing corrosion of Li metal. Dendritic Li deposits 
were also reported for 1 M LiPF6 in EC:DMC (1:1) electrolyte mixture at 1 mA cm-
2 (Fig. 2.6).73 However, the CE% reported (~80%) was higher than that for EC:DEC. 
This discrepancy was suggested to be caused by the efficient Li passivation in EC: 
DMC, because the solvent reduction products responsible for Li passivation were 




Figure 2.6: SEM images of Li deposit morphologies on Cu substrate after (a) 0.3 and 
(b) 0.5 mAh cm-2 using 1 M LiPF6 in 1:1 v/v EC: DMC electrolyte at 1 mA cm-2 
current density. (Courtesy of reference73, link to the license 
https://creativecommons.org/licenses/by/4.0/)  
 
Apart from the risks associated with organic solvents, the safety issues that 
may arise from dendritic Li morphologies and poor cycle life further discouraged the 
application of conventional organic electrolytes with Li metal anodes. Since then, 
different strategies such as modifying the electrolyte composition to incorporate 
additives, more inert solvents and solutes, and changing to polymer electrolytes, have 
been explored to suppress the Li dendrite formation and enhance the cell CE%.70,75–
77 For example, Ota. et al. reported an increase in Li CE% from 64 to 80% with the 
addition of 2% vinylene carbonate (VC) additive to 1 M LiPF6 in EC: DMC (1:1) 




dendrite formation could not be fully suppressed. Other additives such as 
fluoroethylene carbonate (FEC) and LiNO3 have also been used as in the 
aforementioned organic electrolyte mixtures to supress the dendrite formation.77,79–83 
Recently, superconcentrated organic electrolytes have been shown to 
suppress the Li dendrite growth and enhance the CE% of the Li metal anode. For 
instance, Qian et al. reported more than 6000 stable cycles at 10 mA cm-2 current 
density in Li|Li symmetrical cells using 4 M LiFSI in DME (1,2-Dimethoxyethane) 
electrolyte.84 However, in the presence of a limited Li reservoir (Li|Cu), the CE% 
decreased from 99.1 to 97% with increasing current density from 0.1 to 10 mA cm-2. 
Although the addition of high salt concentration to conventional organic solvents has 
improved their stability and performance and slightly reduced the volatility, the 
flammability and volatility of these electrolytes are still concerning.  
   
2.5.2 Zn Metal Anode  
As discussed in Section 2.5.1, although a significant amount of research has 
been done with organic electrolytes for Li-metal based batteries, relative little effort 
has been dedicated to Zn-metal based rechargeable batteries.85 Remarkably, almost 
all the previous studies on Zn-metal based RFBs have been performed in aqueous Zn 
electrolyte systems; very little information is available in the literature on non-
aqueous Zn electrolyte systems. Also, this handful of studies is limited to static (i.e. 
no flow) conditions.  
In 2014, Guerfi et al. reported stable cycling performance of a Zn-polyaniline 
(PANi) cell using an electrolyte containing 0.3 M Zn(TFSI)2 in propylene carbonate 
(PC).86 The cell demonstrated more than 1700 cycles at 1C rate resulting in a 99.8% 
CE%. Despite the excellent cycling performance, the battery showed a severe self-
discharge rate of 48% per day, indicating the requirement for further work to enhance 
the stability of Zn anodes in organic electrolytes. Han et al. studied the 
electrochemical behaviour and transport properties of the Zn2+/Zn0 redox couple in 
various organic electrolytes to investigate its reaction reversibility, coulombic 
efficiency, and anodic stability. They also evaluated the ionic conductivities of the 
various electrolytes.87 They investigated a series of Zn salts (e.g: Zn(TFSI)2, 
Zn(CF3SO3)2, Zn(BF4)2, Zn(PF6)2) in different organic solvents such as diglyme (G2), 
PC, acetonitrile (ACN) and N,N-dimethylformamide (DMF) using both experimental 
(cyclic and linear sweep voltammetry) and computational techniques. Amongst these 




best combination of high peak current density (e.g.: at 0.5 M Zn(TFSI)2 - 150 and 
175 mA cm-2 for reduction and oxidation), high anodic stability and ionic 
conductivity. The latter was attributed to the formation of relatively weakly-
coordinated Zn2+ complexes that can be easily dissociated. However, the highest peak 
current density obtained from these electrolyte systems was found at 0.5 M Zn2+ 
concentration. This was suggested because of either limited solubility, or an increase 
in the amount of unstable, ion-paired anions. The Zn deposit morphologies from these 
electrolyte systems were similar, with a 100 nm diameter line-like structure. 
Similarly, using an electrolyte containing 0.5 M Zn(ClO4)2 in ACN, Chae et al. also 
studied the reversibility of the Zn2+/Zn0 redox process (using cyclic voltammetry - 
CV) in an organic electrolyte for application with potassium nickel hexacyanoferrate 
intercalation cathode material.88 In the organic electrolyte, the Zn anode showed 
reversible Zn deposition/dissolution with superior CE% (99.9 vs 80%) but lower peak 
current density compared to in the analogous aqueous electrolyte (50 vs 150 mA cm- 2 
reduction current). However, as shown in Figure 2.7, the organic electrolyte systems 




Figure 2.7: SEM images of (a) pristine zinc and (b-d) Zn anode after 10 cycles with 
0.5 M Zn(ClO4)2 in ACN.88  
 
In summary, although the organic solvents have shown promising 




efficiency in cyclic voltametric studies, Zn dendrite formation and the inevitable 
issues associated with organic solvents are significant drawbacks. Therefore, it is 
important to continue to search for non-aqueous electrolyte systems suitable for use 
with Zn metal, as well as with high energy density Li metal anodes, due to their 
significant importance in developing high energy density RFBs. 
 
2.6 Ionic Liquid Electrolytes for Application in Redox Flow Batteries  
 
As discussed in Section 2.5, various challenges met with Zn and Li anodes in 
organic electrolytes such as: (1) inability to suppress dendrite formation, (2) poor 
CE% with Li metal, (3) Zn2+ solubility limitations and (4) safety issues have slowed 
their further development. In search for safer and less corrosive non-aqueous solvents 
suitable for potential application with these metal anodes, ionic liquids (ILs) are quite 
attractive candidates. An IL is an organic salt in which the ions are poorly 
coordinated, and is liquid below 100 °C.89 Salts that are liquid at room temperature 
are known as room temperature ILs (RTILs). A vast majority of ILs possess attractive 
physicochemical properties such as negligible vapour pressures, high thermal and 
electrochemical stabilities, wide electrochemical windows and non-flammability.12 
In comparison to highly corrosive sulfuric or hydrochloric acids used in RFB 
technologies, these IL properties make them promising candidates for battery 
electrolytes in energy storage applications. For excellent perspectives on ILs for 
energy storage applications including RFBs, the reader is referred to review articles 
by MacFarlane et al.90 and Chakrabarti et al.12  Figure 2.8 represents the structures of 







Figure 2.8: Commonly used anions and cations in ionic liquid families. (Adapted 
from reference90) 
 
2.6.1 Application of Ionic Liquids with Li Metal Anode  
 
In recent years, the application of IL electrolytes in Li-metal based batteries 
has garnered increased interest due to the solvent stability and negligible vapour 
pressure enhancing the safety of the battery. Amongst RTILs, [C4mpyr][TFSI] is one 
of the most widely studied with Li metal, particularly for application in Li/O2 flow 
batteries, because it is an air stable, hydrophobic IL with high thermal stability and 
promising viscosity and conductivity (Table 2.2).12  
 








Li salt solubility 
(IL: salt molar ratio) 
Ref. 
[C4mpyr][TFSI] 1.85 95 9:1 12 
[C3mpyr][FSI] 5.6 40 1:1 (ca. 3.2 mol kg-1) 17,91 
[P111i4][FSI] 7.3 41 1:1 (ca. 3.8 mol kg-1) 92 
 
In 2004, Howlett et al. reported the application of 0.5 mol kg-1 LiTFSI in 
[C4mpyr][TFSI] IL with Li metal using Pt and Cu substrates at 50 °C.93 With a Pt 




whereas 98.8% was obtained with Cu at 0.1 mA cm-2. However, the cycling 
efficiency rapidly degraded to below 60% at current densities above 1.75 mA cm-2. 
As shown in Figure 2.9, this was attributed to the highly dendritic Li deposit 
morphology. Nishikawa et al. also reported a dendritic Li morphology at 1 mA cm-2 
current density in 1 M LiTFSI in [C101mpyr][TFSI] (N-methoxymethyl-N--
methylpyrrolidinium - [C101mpyr]) electrolyte.94 However, modifying the Li surface 
by, for instance, thermally conditioning the Li surface for 1 week to achieve a stable 
SEI, was shown to improve the cycling efficiency (e.g.: 81.8 to 87% at 40 °C).95 Such 




Figure 2.9: SEM images of dendritic Li morphologies deposited at 3 mA cm-2 with 
0.5 mol kg-1 LiTFSI in [C4mpyr][TFSI] at 50 °C.93 
 
In comparison to [TFSI]- based ILs, bis(fluorosulfonyl)imide [FSI]- ILs are 
considered promising for use with Li metal, because of their better mass transport 
properties and high Li salt solubility, as highlighted in Table 2.2. In 2010, Bhatt et al. 
reported stable Li|Li symmetric cell cycling with increasing Li+ ion concentration 
from 0.2 to 0.45 mol kg-1 in [C3mpyr][FSI] IL at current densities ranging from 0.1 
to 10 mA cm-2.91 This behaviour was attributed to the formation of a favourable (i.e. 
low impedance) SEI at higher Li+ ion concentration. Yoon et al. investigated the 
effect of Li+ ion concentration on [C3mpyr][FSI] physical properties using various 
spectroscopic techniques.16 Different from the behaviour observed at lower Li+ 
concentrations (0.8 - 2.4 mol kg-1), the electrolyte with 3.2 mol kg-1 (1:1 molar ratio) 
LiFSI showed less deviation from the ideal KCl line in a Walden plot, indicating 
higher ionic dissociation (Fig. 2.10). This was consistent with the increase in ionicity 




suggesting the possible existence of ‘free’ Li+ ions at the higher concentration, but 
not at the lower concentrations. Further, Li+ ions were also more mobile in the 3.2 
mol kg-1 LiFSI system than in the systems with lower salt concentrations. FT-IR and 
Raman spectroscopic analyses have shown that these enhanced transport properties 
were due to the formation of smaller ionic clusters and a high population of low 




Figure 2.10: Walden plots representing the relationships between inverse viscosity 
and molar conductivity for [C3mpyr][FSI] IL with different LiFSI concentrations, and 
the neat IL.16 
 
Consistent with its transport properties, the 3.2 mol kg-1 system has also 
shown the highest peak current densities (± 30 mA cm-2 reduction/oxidation) in cyclic 
voltammetric studies.17 However, the oxidation and reduction peak separation 
increased with increasing Li+ concentration, due to changes in electrolyte viscosity 
and Li+ speciation. The 3.2 mol kg-1 system also showed a lower cell resistance, and 
thus a lower overpotential, compared to those found at 2.4 mol kg-1. Further, it 
displayed stable cycling performance in Li|Li symmetric cells as well as in Li|LiCoO2 




electrochemical and cycling performance of this superconcentrated electrolyte 
system, it has not yet been investigated at current densities above 1 mA cm-2. 
Recently, Girard et al. reported stable Li|Li symmetric cell cycling at much higher 
current density (12 mA cm-2) with a superconcentrated electrolyte based on 
phosphonium IL (3.8 mol kg-1 LiFSI in [P111i4][FSI] ([P111i4] - trimethyl(isobutyl)-
phosphonium)) resulting in 99.2% coulombic efficiency at 50 °C.96 The cycled Li 
surface under these conditions was compact, without visible dendrites (Fig. 2.11). 
The authors have attributed this enhanced cycling performance to the formation of a 





Figure 2.11: SEM image of plated Li surface after 450 cycles in 3.8 mol kg-1 LiFSI 
in [P111i4][FSI] at 12 mA cm-2 at 50 °C.96 
 
This suggests that the high concentration LiFSI (3.2 mol kg-1) in [C3mpyr][FSI] IL 
may also be able to sustain high current densities at 50 °C. However, as previously 
mentioned, this superconcentrated electrolyte system has not yet been evaluated at 
current densities above 1 mA cm-2 nor at 50 °C. A Li-IL system that can sustain very 
high current densities will be an excellent choice of anode in developing an efficient 





SEI Structure/Composition on Li metal in Ionic Liquid Electrolytes 
As will be discussed in Section 2.7, the structure and composition of the SEI 
formed on Li metal can be significantly influenced by the experimental conditions, 
and play a critical role in determining the Li plating/stripping morphology and 
cycling efficiency. The composition of the SEI formed on Li metal in [C3mpyr][FSI] 
IL has been previously studied by immersing Li metal in the electrolyte at room 
temperature, and by MD simulations.97,98 These studies revealed the species formed 
by chemical reactions between the IL electrolyte and Li metal. In neat IL,98 MD 
simulations suggested the formation of [FSI]- breakdown species such as LiF, Li2F, 
Li2O and LiO. LiF showed the longest occupancy during the simulation time (77%), 
suggesting it was the longest-lived species amongst those analysed. Experimental 
studies have also shown the presence of similar species (LiF, LiOH or Li2O) in 
addition to -SO2F and surface-confined IL cations and anions. When 0.5 mol kg-1 
LiFSI was added to the [C3mpyr][FSI] IL,97 the Li surface showed evidence for both 
[C3mpyr]+ and [FSI]- breakdown species including LiF, LiOH, LiSO2F-, propyl 
pyrrolidine, Li2CO3 (from the native Li metal film) and Li2S. However, these studies 
have not investigated the influence of operating parameters on SEI structure and 
composition.  
In other studies on [FSI]- based ILs, for instance [P111i4][FSI], a layered SEI 
structure has been proposed based on analysis of the compositions of the SEI formed 
on the Li surface after 50 cycles in 0.5 and 3.8 mol kg-1 LiFSI in [P111i4][FSI] IL 
electrolytes.99 The inner layer has shown evidence for [FSI]- reduction species such 
as LiF, Li2O, Li2S, LiSO2 and -SO2F. LiF and Li2O have been identified as the 
dominant species in the inner layer. The outer layer has shown species related to the 
IL cation. However, due to the lack of evidence to support [P111i4]+ reduction, the 
species in the outer layer have been attributed to intact IL cations. This is in contrast 
to the [C3mpyr][FSI] IL, where IL cation breakdown species were evident.  
Significant differences in composition have also been reported for SEI layers 
formed on a Li metal surface and those formed in-situ during Li electrodeposition on 
a Cu substrate from the electrolyte. The electrolytes examined were 0.5 mol kg-1 
LiTFSI in [C3mpyr][TFSI] or [C4mpyr][TFSI] IL.100 The SEI formed on the Li metal 
substrate was thinner, and contained fewer [TFSI]- breakdown species. The main 
components were LiF and Li2O, and the concentration of Li2O increased as the 
surface was etched. In contrast, the Li deposited on Cu substrate gave a relatively 




C- N species were found on the Li deposited on Cu substrate, suggesting IL cation 
reduction or the presence of surface-confined IL cations. In comparison to the Li 
metal substrate, very small quantities of Li2O, LiOH and Li2CO3 species were found 
on the Li deposited on the Cu substrate.   
 
2.6.2 Application of Ionic Liquids with Zn Metal Anode 
 
The combination of the attractive properties of Zn metal and ILs is a potential 
method to overcome the main challenges in current Zn-based RFBs such as the 
corrosive nature of the supporting electrolyte, dendrite formation during charging and 
low practical energy density. However, as the Zn-IL electrochemical systems have 
not been previously studied under flow environments, the following discussion is 
based on Zn deposition/dissolution in ILs studied under static conditions. The 
favourable results found in static studies highlight the importance of extending these 
studies to explore Zn-IL electrochemical systems under flow configuration. 
Previously, Simons et al. studied the Zn electrochemistry in [C2mim][dca] IL 
under static conditions.14 An electrolyte solution comprising of 10 mol% Zn(dca)2 in 
[C2mim][dca] and 3 wt% H2O, and a glassy carbon (GC) WE were found to be the 
optimal combination in this study. Zn(dca)2 was chosen as the Zn salt in this study 
owing to its low onset potential (-1.8 V vs Fc0/+) for Zn electrodeposition, resulting 
from weak metal-anion interactions, and higher current densities obtained for Zn 
deposition/dissolution (70/40 mA cm-2) compared to those obtained with SO42-, Cl- 
or acetate- based Zn salts. A GC WE was used due to its superior CE% and Zn 
deposition/dissolution current densities compared to those obtained on Pt and Au 
electrodes (Table 2.3). 
 
Table 2.3: Electrochemical performance of GC, Au and Pt electrodes in a 10 mol% 
Zn(dca)2 in [C2mim][dca] and 3 wt% H2O mixture. 
Property GC Au Pt 
Coulombic efficiency (CE%) 85% 70% 68% 






The effects of water content on Zn2+ electrochemistry and deposition 
morphology have also been investigated with 0.05 and 3 wt% H2O additive to 
optimize the electrolyte composition.14 At higher water content, the Zn 
electrodeposition potential decreased by 100 mV compared to the potential obtained 
with the 0.05 wt% system, and the Zn plating/stripping current densities increased 
due to efficient mass transfer because of decreased viscosity. In addition, the 3 wt% 
H2O system resulted in a uniform Zn deposit with a closely-packed needle-like 
morphology, which adhered well to the GC WE. Under similar electrochemical 
conditions, the low H2O content system resulted in a spongy and porous Zn 
morphology with poor adhesion to the WE. A uniform Zn deposit facilitates the 
formation of a less dendritic surface that ultimately improves the battery lifetime. The 




Figure 2.12: CVs and SEM images of 10 mol% Zn(dca)2 in [C2mim][dca] on a GC 
working electrode: CV of a) 3 wt% H2O c) 0.05 wt% H2O, SEM of b) 3 wt% H2O 
and d) 0.05 wt% H2O.14 
 
Further, the addition of water has increased the ionic conductivity and 








However, with increasing Zn(dca)2 concentration, ionic conductivity decreased, 
indicating a possible reduction in the number of effective ions due to complexation, 
and the slow diffusion of large Zn complexes through the IL (Fig. 2.13b). The higher 
salt concentrations have also increased the electrolyte viscosity leading to mass 
transport limitations. A similar phenomenon has also been reported in [C4mpyr][dca] 
IL whereby increasing the Zn(dca)2 salt concentration from 20 to 29 mol%  results in 
a significant increase in viscosity of > 150 mPa s.15 Nevertheless, the mass transport 
limitations caused by higher viscosity can be overcome under flow environment in 




Figure 2.13: Transport properties of [C2mim][dca] IL with (a) 10 mol% Zn(dca)2 and 
varying H2O concentrations, (b) 3 wt% H2O and different Zn(dca)2 concentrations.22 
 
Upon optimizing the electrolyte composition, a comparative Zn 
electrochemistry study was performed with [C2mim][dca] and [C4mpyr][dca] ILs 
comprised of 9 mol% Zn(dca)2 and 3 wt% H2O.13 Figure 2.14 shows the CVs 
obtained with these systems. The electrochemical window (Fig. 2.14a) of 
[C4mpyr][dca] (~3.5 V) was higher than that of [C2mim][dca] (~2 V), which was 
attributed to the reductive instability of [C2mim]+ cation. As shown in Figure 2.14(b), 
the [C2mim][dca] system showed a lower overpotential for Zn electrodeposition (-
0.23 V) and dissolution along with higher peak current densities (32 and 61 mA cm- 2, 
CE% - 85%). The higher overpotential with [C4mpyr][dca] (-0.84 V) was attributed 
primarily to the arrangement of cations and anions at the electrode interface as well 
as the slow mass transport of active species due to higher viscosity in the mixture. 




molecular dynamics (MD) simulations where they have shown strong interfacial 
layering at the electrode/electrolyte interface with [C4mpyr][dca] compared to that 
obtained with [C2mim][dca].101,102 
 
 
Figure 2.14: (a) Electrochemical windows of [C2mim] and [C4mpyr][dca] + 3 wt% 
H2O on GC and (b) CV of [C2mim][dca] and [C4mpyr][dca] + 9 mol% Zn(dca)2 + 3 
wt% H2O on GC working electrode.13 
 
When these electrolytes systems were tested in symmetric cells, [C2mim][dca] 
showed better performance (90 cycles at 0.1 mA/cm2) than that of [C4mpyr][dca] (15 
cycles at 0.05 mA/cm2). Also, the [C2mim][dca] based electrolyte gave a more 
uniform Zn deposit compared to that seen with [C4mpyr][dca]. Figure 2.15 shows the 
influence of these ILs on Zn deposit morphology using 9 mol% Zn(dca)2 in IL and 3 




Figure 2.15: SEM images of Zn electrodeposits on GC substrate from 9 mol% 






As shown in Figure 2.15, [C2mim][dca] gave a uniform surface with an interwoven 
Zn morphology (Fig. 2.15a) whereas [C4mpyr][dca] led to a spongy and dendritic Zn 
morphology (Fig. 2.15b). The authors have mentioned that the spongy surface is 
indicative of a gas-producing side reaction induced by the relatively negative Zn 
deposition potential (-1 V vs Zn) in [C4mpyr][dca]. 
Recently, trifluoromethanesulfonate [OTf]- based ILs such as 
[C2mim][OTf],21,103 [C4mim][OTf] and [C4mpyr][OTf]103 have also been studied 
with Zn metal under static conditions to understand the role of IL cation on Zn 
electrochemistry (using CV - Zn2+/Zn0 reaction reversibility, overpotential) and 
deposit morphology. Compared to the results obtained in [C4mpyr][OTf], the 
[C2mim][OTf] system gave higher Zn reduction/oxidation current densities (~ ±3 vs 
±1 mA cm-2), lower overpotential for Zn electrodeposition (-0.8 vs -1.25 V vs Zn) 
and more uniform Zn morphology; these findings are in good agreement with the 
findings for [dca]- based ILs under static conditions.13 The Zn deposit morphologies 
corresponding to [C2mim] and [C4mpyr][OTf] ILs are shown in Figure 2.16. The 
[C2mim][OTf] gave a dense and uniform silvery Zn deposit with good adherence to 
the substrate while a dark grey Zn deposit with poor adherence was obtained with the 
pyrrolidinium system. However, as in the studies using [dca]- based ILs, only low 




Figure 2.16: SEM images of Zn electrodeposits obtained with 0.2 M Zn(OTf)2 in (a) 







Similar to [C2mim][OTf], [C4mim][OTf] has also shown a compact and dense Zn 
deposit with parallel hexagonal plate-like morphology.104 
Therefore, in summary, the Zn2+/Zn0 redox couple has shown promising 
performance in IL electrolytes in terms of its reaction reversibility, cyclability and 
deposit morphology under static conditions, highlighting the importance of further 
studies under flow conditions and possibly with higher active species concentrations.  
 
2.7 Factors Influencing the Metal Anode Performance 
 
As mentioned in the introduction, various parameters such as electrolyte composition, 
operating parameters such as the flow rate, applied current density and charge 
capacity as well as the choice of substrate can significantly alter the electrochemical 
performance of redox couples and corresponding deposit morphologies, which 
ultimately influence the battery performance. Therefore, this section will discuss the 
previous studies performed on selected parameters to develop a fundamental 
understanding of their effects on Zn and Li metal anode performance. It will also help 




As discussed in Sections 2.5.1 and 2.6.1, Li+ ion concentration in the 
electrolyte has a significant influence on the cell performance through affecting 
electrolyte transport properties, Li+ ion speciation and deposit morphology. However, 
very few studies are available on the effects of electrolyte concentration on Zn2+/Zn0 
redox couple performance, which is the focus of this section. In 2015, Gavrilović-
Wohlmuther et al. reported Zn electrodeposition from an aqueous alkaline electrolyte 
containing 0.1, 0.2 and 0.5 M ZnO in 8 M KOH under stirring and flowing 
conditions.23 As shown in Figure 2.17, with increasing Zn2+ concentration, the current 
response in CV increased. The higher Zn2+ concentrations also helped suppress the 
dendritic growth and promote a ‘mossy’ Zn morphology. For instance, an electrolyte 
containing 0.1 M ZnO gave dendritic growth under the influence of flow at 50 °C, 






Figure 2.17: Cyclic voltammogram of 0.1, 0.2 and 0.5 M ZnO in 8 M KOH at room 
temperature. The scanning rate was 50 mV s-1. (Courtesy of reference23, link to the 
license https://creativecommons.org/licenses/by-nc/4.0/)  
 
A similar phenomenon was reported by Wang et al. using 0.35, 0.7 and 0.85 M ZnO 
in 7 M KOH electrolyte under static conditions.24 With increasing Zn2+ concentration, 
the current density boundaries at which the dendritic growth and mossy Zn develop 
have increased, meaning that the compact Zn deposit morphology occurs over a wider 
current density range (Fig. 2.18). However, increasing the KOH concentration from 
7 to 10 M led to a decrease in current density boundaries, resulting in a narrow 







Figure 2.18: Morphology diagrams of Zn deposits from 0.35, 0.7 and 0.85 M ZnO in 
7 M KOH and 0.7 M ZnO in 10 M KOH at room temperature (25 °C) under static 
conditions.24 
 
Leung et al. studied Zn deposition and dissolution in methanesulfonic acid 
(CH3SO3H) for application in Zn-Ce hybrid RFB.11 An increase in acid concentration 
from 0.5 to 3 M led to decreased stability of Zn-methanesulfonate complexes, 
increased extent of H2 gas evolution and faster corrosion resulting in poor coulombic 
efficiencies (94 to 57%). Therefore, they suggested introducing additives to the 
electrolyte to suppress the H2 evolution and promote Zn electrodeposition. On the 
other hand, increasing Zn2+ concentration from 0.5 to 2 M has shifted the nucleation 
potential towards more positive values (-1.27 to -1.21 V vs Ag/AgCl), facilitating the 
Zn electrodeposition process. It has also improved the energy efficiency from 58 to 
64%. Li et al. reported the cycling performance of a Zn2+/Zn0 redox couple in various 
concentrations of ZnI2 in H2O electrolyte.10 With increasing Zn2+ concentration from 
0.5 to 5 M, the CE% has slightly decreased from 99 to 96% while the voltage (91 to 
70%) and energy efficiencies (91 to 68%) have significantly decreased. The authors 




electrolyte resistance at higher Zn2+ concentrations. However, they have not 
investigated the effect of concentration on Zn deposit morphologies.  
Apart from [dca]- and [OTf]- anion based ILs, acetate [OAc] anion based ILs 
have also been used with Zn metal under static conditions. Ghazvini et al. reported 
the requirement of at least 4 M Zn(OAc)2 in [C2mim][OAc] IL for bulk Zn 
electrodeposition to occur.105 This was suggested to be caused by the formation of 
[Zn(OAc)6]4- and [Zn(OAc)5]3- complexes at low Zn2+ concentrations (< 4 M); these 
complexes are difficult to reduce to Zn metal. The 4 M Zn2+ concentration led to a 
decrease in co-ordination number (1.8) and resulted in a mixture of [Zn(OAc)2] and 
[Zn(OAc)]+ complexes, which are relatively easy to reduce to Zn metal. As shown in 
Figure 2.19, different Zn2+ concentrations also led to distinct Zn morphologies. 





Figure 2.19: SEM images of Zn electrodeposits on Au substrate using (a) 4 M, (b) 5 









As previously mentioned in Section 2.6.2, the addition of 3 wt% H2O to a 
Zn(dca)2-[C2mim][dca] IL electrolyte mixture decreased the electrolyte viscosity and 
improved the ionic conductivity while resulting in a smooth Zn morphology. 
Similarly, Liu et al. also reported the effect of H2O on [C2mim][OTf] and 
[C4mpyr][OTf] ILs containing 0.2 M Zn(OTf)2 under static conditions.103 The 
addition of H2O has affected the electrolyte transport properties, in a similar way to 
that found for the [dca]- anion based ILs. The effects of added H2O on the CV traces 
were different in ILs with different cations but the same anion (e.g.: with 50 v/v% of 
H2O the peak current density for [C2mim][OTf] was 10 times higher than that in 
[C2mim][OTf] IL). As shown in Figure 2.20, the addition of H2O has also altered the 
Zn deposit morphology, in terms of grain size and preferential grain orientation. This 
is suggested to be caused by changes in mass transport properties and Zn growth rate 




Figure 2.20: SEM images of Zn deposited on Au substrate from 0.2 M Zn(OTf)2 in 
(a,b) [C2mim][OTf], (c,d) [C4mpyr][OTf] with 10 and 50% v/v H2O additive at room 





Other reports have shown that the addition of H2O can also affect the Zn2+ 
speciation, thus altering the Zn electrode surface.106 This in combination with the 
higher ionic conductivity in the presence of H2O additive in [C4mpyr][TFSI] IL have 
enabled a stable discharge potential at higher discharge current densities. For 
instance, Dilasiri et al. reported a Zn plating current density of 0.1 mA cm-2 in the 
presence of 5 wt% H2O, whereas the maximum plating current density with neat dry 
IL was limited to 1 µA cm-2.106 The effect of H2O on Li metal performance was also 
investigated using high Li+ concentration, phosphonium-cation based ILs containing 
1000 and 5000 ppm of H2O.107 Although the addition of H2O decreased the CE% 
(97.7%-dry > 95.7%-1000 ppm > 86.7%-5000 ppm), the high concentration 
electrolyte still showed stable cycling performance, indicating improved H2O 
tolerance. 
Apart from H2O, other additives have also been investigated with the Zn2+/Zn0 
redox couple. For instance, Liu et al. reported the application of 0.015 M Ni(OTf)2 
with [C2mim][OTf] IL under static conditions.21 The presence of an additive has 
significantly altered the interfacial structure at the electrode/electrolyte interface, 
which may in turn affect the Zn electrochemical performance. For example, the cell 
CE% improved from 95 to 99% upon Ni2+ addition, while the Zn dendrite formation 
at higher Zn2+ concentration (0.2 M) was suppressed. Xu et al. reported the 
application of [C2mim][dca] IL as an additive to an alkaline electrolyte (5 wt% ZnO 
in 9 M KOH) for Zn electrodeposition under static conditions.108 The IL additive 
suppressed the dendrite formation at high current densities (80 mA cm-2), leading to 




Figure 2.21: SEM images of Zn electrodeposits on Pt-coated Si substrate from an 
electrolyte containing 5 wt% ZnO in 9 M KOH (a) without and (b) with 0.5% 




The authors have attributed this morphological difference in the presence of an 
additive to: (1) changes in the Zn nucleation process, (2) lowered potential variation 
during Zn electrodeposition and (3) adsorption of [C2mim]+ cation to the Zn electrode 
surface, blocking the reaction sites where Zn grows, and thus suppressing the 
preferential Zn growth and Zn dendrite formation. 
In addition, inorganic additives such as potassium sodium tartarate, 
tetrabutylammonium hydroxide and indium oxide have also been studied for Zn 
deposition and dissolution from alkaline electrolytes for application in Zn-CE 
RFBs.11 Among the additives tested, In2O3 resulted in the best performance, 
improving the energy efficiency from 62% to 73%. The large overpotential of In2O3 
for the H2 evolution reaction contributed to an increase in CE%, while the voltage 
efficiency was improved due to lower Zn electrodeposition overpotential.  
 
2.7.3 Flow Rate 
 
In comparison to static mode, the application of a flowing electrolyte can 
reduce the dendritic growth.10,109 For instance, using a 3.5 M aqueous ZnI2 
electrolyte, Li et al. have shown approximately 5 times smaller dendrite size with the 




Figure 2.22: Images of Zn dendrite morphologies resulted in the (a) static mode and 
(b) flow rate of 100 ml min-1 with aqueous 3.5 M ZnI2 electrolyte at 10 mA cm-2. 






Gavrilović-Wohlmuther et al. reported that higher flow velocities can shift the current 
density at which the transition of Zn morphology from mossy to dendritic occurs to 
higher values.23 This was attributed to increased convection at higher flow rates. Ito 
et al. studied the effects of flow rate on Zn morphology and cycle life using an 
alkaline electrolyte mixture (ZnO in KOH).110 The impact of flow rate on cycling 
performance was more significant at higher charge rates. For instance, flow velocities 
higher than 15 cm s-1 were required to maintain ‘good’ performance (i.e. 200 cycles 
with >80% discharge capacity and >85% CE%). Lower flow velocities (<10 cm s-1) 
and higher charge rates (>0.5C) led to cell deterioration. This difference in 
performance was attributed to the distortion of Zn dendrites towards the direction of 





Figure 2.23: Zn electrodeposits on Ni substrate after 9th cycle using 50 g L-1 ZnO in 
45 wt% KOH electrolyte at (a) 2 cm s-1 and (b) 15 cm s-1 flow velocities at 1C rate.110 
 
2.7.4 Current Density 
 
The applied current density has a significant influence on the initial nucleation 
process, metal deposit morphology and cycling performance. In 2017, Pei et al. 
investigated the nucleation and growth of Li metal on Cu substrate at a range of 
current densities from 0.025 to 10 mA cm-2 using an organic electrolyte mixture 
containing 1 wt% LiNO3 additive.111 With increasing current density, nucleation 





This overpotential showed an inverse relationship with the nuclei size, and the cube 
of overpotential was directly proportional to the nuclei number density. Therefore, at 
low current densities, the resultant Li domains were relatively large and sparsely 
distributed, whereas smaller and more densely distributed Li nuclei result at high 
current densities. However, as shown in Figure 2.24, the authors have significantly 
improved the Li particle density and coverage at low current density (Fig. 2.24a) by 
applying a high current density to create a highly dense initial Li surface for Li at low 
current density to grow in (Fig. 2.24b). The increased surface area can accelerate the 





Figure 2.24: Effect of initial Li seed layer on nuclei density and coverage at low 
current densities. (a) Li deposited on Cu at 0.05 mA cm-2 for 0.1 mAh cm-2 and (b) 
Li deposited on initial Li seed layer at 0.05 mA cm-2 for 0.1 mAh cm-2. The seed layer 
was generated at 10 mA cm-2 for 0.02 mAh cm-2.111 
 
Sano et al.112 and Sagane et al.113 also reported similar phenomena. For instance, with 
[TFSI]- anion based ILs, Sano et al. reported that charge-transfer controlled Li 
deposition can result in a dendrite-free morphology; however, only at very low 
current densities such as below 0.05 mA cm-2.112 The diffusion-controlled kinetics at 
relatively high current densities (0.05 – 0.2 mA cm-2) resulted in dendritic Li 
morphology. However, Girard et al. reported uniform and compact Li deposits with 
99.2 CE% at very high current densities (12 mA cm-2) using a superoncentrated [FSI]- 
anion based IL.96 This was partly attributed to the formation of an SEI with favourable 
properties.  
 Zheng et al. reported improved cycling performance of Li|NMC in organic 





process.114 High discharge current densities (2 to 4 mA cm-2) demonstrated promising 
cycling performance with ~99.5% CE% and >80% capacity retention. This was 
attributed to the formation of a more stable SEI, which was facilitated by the high Li+ 
concentration in the vicinity of the electrode at high discharge rates. The increase in 
current density from 0.2 to 4 mA cm-2 also significantly affected the Li morphology 
during cycling. As shown in Figure 2.25(a) and (b), low discharge rates produced 
cracked surface films, leading to continuous reactions between Li metal and 
electrolyte corroding the Li anode. Significant volume expansion also occurred (e.g.: 
400 to 700 µm thickness at 0.2 mA cm-2) due to the loose structure of redeposited Li, 
leading to high cell impedance and early loss of stable Li cell cyclability. On the other 
hand, high discharge rates resulted in compact Li deposits with favourable SEI 




Figure 2.25: SEM images of Li anode recovered from Li|NMC cell after 150 cycles 
at (a,e) 0.2 mA cm-2, (b,f) 0.67 mA cm-2, (c,g) 2 mA cm-2 and (d,h) 4 mA cm-2 




The operating temperature significantly influences the electrolyte transport 
properties that ultimately affect electrochemical performance. For instance, various 
IL electrolytes have shown a decrease in viscosity and an increase in ionic 
conductivity with increasing temperature.15,16, 22,92 Yoon et al. reported that the ionic 




10 fold with increasing temperature from ambient conditions to 50 °C.16 The Li+ ion 
mobility was also enhanced at higher temperatures. Similar phenomena were also 
reported for phosphonium-cation based ILs.92  
Grande et al. reported the effects of temperature on SEI stability and 
subsequent Li metal cyclability in [C4mpyr][TFSI] IL electrolyte at temperatures 
ranging from 20 to 60 °C.95 Higher temperatures were found to be more effective for 
SEI stabilization because of faster Li+ ion transport in the electrolyte at elevated 
temperatures. The cell voltage also decreased due to increased Li+ ion diffusion at 
higher temperatures. Further, with increasing temperature from 20 to 60 °C, the 
cyclability and coulombic efficiency of Li|Li symmetric cells significantly improved 
from 67.5% to 96% (cycle numbers 308 to 2503). However, an opposite effect has 
been observed with increasing temperature in Li|NMC cells cycled with conventional 
organic electrolytes. Zheng et al. reported an acceleration of parasitic reactions at 
elevated temperatures, leading to corrosion and degradation of Li metal, and resulting 
capacity loss.114  
The operating temperature can also substantially affect metal deposition 
morphology. In aqueous alkaline Zn electrolytes, Gavrilović-Wohlmuther et al. 
reported that the increased zincate ion mobility at elevated temperatures shifts the 
limiting current density at which the transition from mossy to dendritic Zn 
morphology occurs to higher values.23 With [C2mim][OTf] IL, Zn gave a platelike 
morphology with layer-by-layer growth pattern within each grain at room 
temperature, whereas elevated temperatures yielded coarse, hexagonally-shaped 
grains (Fig. 2.26).103 This difference in morphology was suggested to be caused by 
different solvation layers in the IL electrolyte, which may in turn depend on the 
temperature. It was suggested that elevated temperatures may lead to reduced 
solvation layer structure at the electrode/electrolyte interface. The grain size also 
increased with increasing temperature. Similar to other reports,92 the electrochemical 







Figure 2.26: SEM images of Zn deposits on Au substrate at (a) room temperature, (b) 
50 °C, (c) 75 °C and (d) 100 °C using 0.2 M Zn(OTf)2 in [C2mim][OTf] electrolyte.103 
 
The effect of changing operating temperature can also depend on the IL.103 For 
instance, relative to [C2mim][OTf], Zn deposits from [C4mpyr][OTf] IL are less 




Figure 2.27: SEM images of Zn deposits from 0.2 M Zn(OTf)2 in (a) [C2mim][OTf] 








2.7.6 Surface Modifications 
 
The quality of the initial SEI layer is critical for the Li metal deposition 
morphology and its subsequent cycling performance.80,83 Therefore, achieving a 
homogeneous SEI with high ionic conductivity and mechanically strong, flexible 
structure is important since it (1) suppresses dendrite formation, (2) leads to uniform 
Li+ ion flux through the SEI and (3) accommodates volume expansion during cycling. 
However, as the native SEI layers do not fulfil all these requirements, the introduction 
of an initial artificial SEI on the substrate surface was proposed. Liu et al. reported 
an artificial SEI composed of Cu3N nanoparticles joined together by styrene 
butadiene rubber (SBR), which converts to Li3N during an electrode pre-cycling or 
pre-conditioning process.80 At 0.5 mA cm-2 current density, the Cu substrate modified 
with the artificial SEI gave a compact, dendrite-free Li morphology; in contrast, the 




Figure 2.28: SEM images of Li electrodeposits after 5 cycles on (a) Cu with 
Cu3N+SBR artificial SEI and (b) bare Cu using 1M LiPF6 in 1:1 v/v EC:DEC with 
10% FEC at 0.5 mA cm-2.80 
 
The Cu3N+SBR-protected Cu substrate also demonstrated an improved CE% and 
cyclability (97.4%, 100 cycles) compared to those of the bare Cu electrode (70%, 50 
cycles). The poorer performance of the bare Cu electrode was attributed to the Li 
dendrite growth and continuous breakdown/repair of the SEI. 
 Zhang et al. proposed the concept of using a LiF-rich Cu surface to regulate 





deposition.83 LiF was chosen because the high diffusivity of Li+ ions across its surface 
may help to suppress the Li-dendrite formation.115,116 On the bare Cu substrate, Li 
plating resulted in separate, hemispherical ‘bumps’ of Li, with a moss-and-tuber-like 
morphology, whereas, on the LiF-rich Cu surface, a uniform deposit with ordered and 
aligned columnar Li structure was formed. The latter has also resulted in improved 
cycling performance (120 vs 45 cycles, 98.7% CE%) and reduced cell resistance. 
Basile et al. soaked Li metal in 0.5 mol kg-1 LiFSI in [C3mpyr][FSI] IL electrolyte 
for 12 days to modify the SEI. When the modified Li surfaces were used in Li|LFP 
cells at 1.25 mA cm-2 current density, the CE% improved (99.6 to 99.96%); this 
improvement was attributed to the smooth SEI.97  
Apart from tailoring the SEI structure/composition, 3D electrode structures 
are another method to induce uniform Li+ ion distribution.117,118 3D structures favour 
the charge-transfer kinetics and reduce the interfacial resistance. Their high specific 
surface area can lower the local current density (compared to that for planar 
structures) leading to uniform charge distribution and thus smoothens Li deposition 
and decreases its growth rate.117  Cheng et al. employed a 3D glass fibre (GF) cloth, 
with many polar functional groups (Si-O, O-H), to promote uniform Li+ ion 
distribution on conventional 2D (or planar) Cu surfaces.119 In comparison to the 
dendritic and non-uniform Li deposition on a routine Li metal anode, the GF-
modified electrodes showed uniform and dendrite-free Li deposition from organic 
electrolytes. The cycle life and stability improved, resulting in relatively high CE% 
even at high current densities (e.g.: 90% vs <60% at 10 mA cm-2). Similar phenomena 
were also reported in other studies. For instance, Li et al. employed a 3D porous Cu 
mesh embedded in Li metal (3D Cu/Li composite) to enhance the stability of Li metal 
batteries.117 The Cu mesh can act as a ‘host’ to accommodate the Li metal deposits 
inside its 3D porous structure while reducing the Li volume expansion relative to the 
‘hostless’ combination of planar Cu and Li metal. This approach also suppressed the 
‘dead Li’ formation and enhanced the utilization of active anode material, leading to 
improved CE% (at 0.5 mA cm-2: 93.8% vs 30.9%, 100 vs 70 cycles). Further, 3D 
electrode structures reduce the cell hysteresis due to their relatively low interfacial 
resistance.117,118 Examples of the Li deposit morphologies on 3D collector and planar 
Cu surfaces are shown in Figure 2.29. More examples of the effects of surface 








Figure 2.29: SEM images of Li deposited from 1M LiTFSI in 1:1 v/v DOL 
(dioxolane):DME on (a) 3D porous Cu and (b) planar Cu substrates at 0.5 mA cm-2 




2.8 Cathode Materials for application in Redox Flow Batteries  
 
Various cathodic redox couples based on non-aqueous electrolytes have been 
proposed for application in RFBs. This section will focus on the electrochemical 
performance of selected cathodic redox couples that can be potentially coupled with 
Zn2+/Zn0 and Li+/Li0 anodes to realise a full flow cell. 
 
2.8.1 Metal Ligand Complexes  
Metal complexes comprising a transition metal centre bonded to ligands such 
as 2,2’-bipyridyl (bpy), acetylacetonate (acac), 1,10-phenanthroline (phen) or 
2,2′:6′,2′′- terpyridine (terpy) have been investigated for both anode and cathode in 
non-aqueous electrolytes. Mun et al. reported 0.4 M [Fe(bpy)3](BF4)2 catholyte 
coupled with 0.2 M [Ni(bpy)3](BF4)2 anolyte in PC solvent.120 This system showed 
electrochemical stability over 100 cycles (in CV), a CE% of 90.4% and an energy 
efficiency of 81.8%. When [Fe(bpy)3]2+/3+ was coupled with [Co(bpy)3]1+/2+ in PC, 
the cycling performance improved to 300 cycles with 97.5% CE% and 84.8% energy 






Recently, the electrochemistry of [Co(bpy)3] has been studied in a series of 
ILs: [C2mim][TFSI], [C4mpyr][TFSI], [C2mim][B(CN)4] and [C4mpyr][B(CN)4], 
and in aprotic organic solvents (PC, acetonitrile, methoxypropionitrile) under static 
conditions.19 The [Co(bpy)3]2+/3+ cathodic redox couple has shown excellent 
electrochemical reversibility (iox/ired = 1) in all electrolytes without any traces of side 
reactions (Fig. 2.30a). It also gave a peak separation (ΔE) close to the theoretical 
value (57 mV) in IL electrolytes; this was suggested to be because of the lower 
uncompensated resistance in the more ionically-conductive IL media. The rate 
constants for the [Co(bpy)3]2+/3+ reaction were also found to be high in the ILs tested, 
given their relatively higher viscosities compared to those of organic solvents (e.g.: 
standard rate constants of 1.17×10-3 vs 1.27×10-3 cm s-1 and viscosity of 22 vs 2.5 




Figure 2.30: CV of a 10 mM solution of (a) [Fe(bpy)3]2+ and (b) [Co(bpy)3]2+ in 
[C4mpyr][TFSI] IL, on glassy carbon electrode, scan rate of 20 mV s-1 under static 
condition.18,19 
 
The electrochemical performance and stability of the [Fe(bpy)3]2+/3+ redox couple 
was also evaluated in the above solvents under static conditions.18 Similar to the 
[Co(bpy)3]2+/3+ couple, good electrochemical reversibility without side reactions was 
found in all electrolytes examined (Fig. 2.30b), and the rate constants obtained in 
[C2mim]+-cation based ILs and PC were comparable. As expected, the peak currents 
were higher for the less viscous electrolytes, due to the inverse relationship between 




long term stability (>4 months) in the [TFSI]--anion based ILs and PC electrolytes 
tested.  
By integrating the [Fe(bpy)3]2+/3+ redox couple with a Li+/Li0 anode, high 
battery voltages (4 V) can be obtained; a significant step towards improving the 
battery power output. The [Co(bpy)3]2+/3+ redox couple can also be coupled with 
Zn2+/Zn0 in [C4mpyr][dca] IL/H2O electrolyte. However, it should be noted that 
despite the promising electrochemical performance of metal complexes, poor 
solubility limitation in non-aqueous electrolytes is one of the major challenges yet to 
be overcome. 
 
2.8.2 Semi-Solid Cathode Materials 
A flowable suspension made of active materials, conductive agent and Li-salt 
containing organic electrolyte is used as the anolyte or catholyte in these systems. 
Duduta et al. demonstrated a full Li-ion flow cell composed of 10 M LiCoO2 (LCO) 
catholyte and 2.3 M Li4Ti5O12 (LTO) anolyte, resulting in 80% CE%.20 The novelty 
of this approach is the use of active materials in a suspension rather than in a soluble 
solution. This allows the possibility of overcoming solubility limitations, is a key to 
improving the energy density of current RFB technologies. For comparison, the 
active species concentration reported in conventional VRFBs is ~2 M36 whereas 10 
M LCO concentration is reported in semi-solid suspension.  
Since the demonstration of the proof of concept, other cathode materials such 
as LFP and LiNi1/3Co1/3Mn1/3O2 have also been investigated.122,123 For instance, 
Hamlet et al. demonstrated a semi-solid Li RFB composed of LFP suspension in 1 M 
LiPF6 in 1:1 (w/w) EC:DMC electrolyte and a Li metal anode.122 They studied the 
effect of active material concentration and flow rate on electrochemical performance 
under flow conditions. It was reported that at an LFP concentration of 12.6 vol%, 50 
Wh kg-1 (67 Wh l-1) energy density could be achieved. With increasing flow rate, the 
cell polarization decreased. At 12.6 vol% LFP concentration and 25 ml min-1 flow 
rate, this system gave a high power density of 328 mW cm-2 at 104 mA cm-2 current 
density. 
However, further research work is required in the field of semi-solid RFBs in 
terms of improving their energy density and volumetric capacity. The main issue here 
is that the extreme concentrations can increase the suspension viscosity, causing poor 
conductivity and flowability. Despite this, semi-solid cathode materials are promising 




2.9 Electrode Materials for Redox Flow Battery Applications 
 
As discussed in the previous Sections, electrochemical performance can be 
significantly altered by the choice of electrode material. An ideal electrode material 
should possess high electrical conductivity, good mechanical properties, high 
chemical stability and durability, good kinetics and high active surface area. The 
electrode materials used with Li and Zn metal anodes are usually either carbon or 
metal based.  
 
2.9.1 Metallic Electrodes 
 
Metallic electrode materials are less common than carbon-based electrodes in 
RFB applications due to their dissolution, corrosion and weight-loss issues.3 A range 
of metal electrodes such as Pb, Au, Pt and platinised titanium (Pt-Ti) have been 
studied for RFBs. The vanadium redox species have shown insufficient 
electrochemical reversibility on precious-metal electrodes, as well as on less-
expensive Pb and Ti electrodes, due to the formation of a non-conductive passivation 
film, which ultimately increases the cell electrical resistance.3 Although the issues 
regarding passivation films have been successfully solved with the incorporation of 
Pt-Ti electrodes, their relatively high cost limits their widespread use.124  
The performance of IL-based Zn redox systems has also been investigated 
with precious-metal (Au, Pt) electrodes under static conditions. A recent study by Liu 
et al. reported the use of a Au substrate on glass to investigate the Zn electrochemistry 
in [C2mim][OTf] IL, and found good reversibility.21 [C4mpyr][OTf] IL has also 
shown good reversibility and stability on Au substrates over a wide range of 
temperature (RT to 125 °C). Zn deposits exhibited good adherence to the Au 
electrode.103 In addition, Pt has also shown good chemical and electrochemical 
stability as well as good reversibility with [C4mpyr][OTf] IL.104 
Cu and Ni are some of the most commonly used metal substrates for Li metal 
cycling.84, 117,118,125,126 Recently, Adams et al. reported the introduction of a substrate 
stabilization process before the measurement of Li cycling performance.127 The Li 
loss during the initial plating process takes place due to the side reactions between Li 
metal and the electrolyte as well as with the metal substrate. The amount of Li loss 




substrate. The Li loss from this side reaction can also affect the accuracy of CE%. 
With the introduction of a stabilization process, i.e. pre-conditioning the electrode 
surface with a single Li plating/stripping step, the CE% was improved from 99.2 to 
99.4%. Further effects of surface modifications and suitable metal substrates for Li 
metal are discussed in Section 2.7.6 and Table 5.1.     
 
2.9.2 Carbon-Based Electrodes 
 
Carbon is the most commonly used positive and negative electrode material 
in many RFB applications due to its chemical stability, ability to work over a wide 
range of operating potentials, and reasonable cost.124 Table 2.4 summarises some of 
the carbon electrode materials used in RFBs. In RFBs, the most commonly used 
electrode materials are C-fibre based systems such as C-papers, C-cloth, and C- and 
graphite felts. 
 
Table 2.4: Carbon electrode materials used for RFB applications.3,124 








PVA, PVDF, HDPE 
Entegris, USA 6 negative 
Zn/Ce 

















































PVDF - polyvinylidene fluoride, HDPE - high density polyethylene, PVA - 




High utilization of electrodeposited Zn during battery discharge is critical for 
the lifetime of Zn-Br RFBs. Suresh et al. demonstrated that the substrate material can 
significantly influence this phenomenon.128 They reported an increase in Zn 
utilization (41% to 99.9%) and the CE% with the replacement of a carbon-plastic 
composite electrode with a non-porous graphite electrode. The large difference was 
attributed to the differences in electrode resistivity and active surface area. 
Carbon-based materials have also been used to enhance the performance of 
Li-metal anodes. For instance, Zheng et al. employed a Cu substrate modified with a 
monolayer of interconnected amorphous hollow carbon nanospheres (Fig. 2.31a) to 
improve the Li deposit morphology and facilitate the formation of a stable SEI.129 
The surface modified with C led to uniform, non-dendritic Li deposits with column-
like morphology (Fig. 2.31b). In comparison, the bare Cu substrate gave uneven, 
mossy Li deposits with thin Li filaments (Fig. 2.31c) The hollow carbon nanosphere 
coating also improved the CE% from 50% to ~99% (at 0.25 mA cm-2) and 98.5% (at 




Figure 2.31: SEM images of (a) hollow carbon-nanosphere structure after initial SEI 
formation; and Li deposited on to (b) modified Cu substrate with C-nanosphere 
coating and (c) bare Cu substrate at 1 mA cm-2 using 1 M LiTFSI in 1:1 v/v% 







2.10 Membrane Materials for Redox Flow Battery Applications  
 
In a conventional RFB, the anode and cathode compartments are separated by 
an anion or cation exchange membrane to avoid cross contamination, while allowing 
the selected ions to transport across the membrane to maintain a neutral electrical 
balance. Minimizing the cross-contamination can reduce the self-discharge and 
capacity fade.4 The rate capability and lifespan of a RFB also significantly depend on 
the choice of membrane or separator material.35 Therefore, the development of an 
ion-selective, cost-effective membrane with high ionic conductivity, wettability and 
stability is critical to achieve an efficient RFB. 
In current RFBs, such as in VRFB, ion exchange membranes with 
perfluorinated backbones are most commonly used due to their high conductivity and 
good chemical stability in oxidizing electrolytes.3 Amongst various commercially 
available perfluorinated membranes, Nafion (Dupont, USA) was identified as most 
suitable for VRFB because its chemical stability with highly oxidative V5+ species 
led to relatively longer cycle life. Nafion has also been used in Zn-polyiodide redox 
flow systems due to its high cation selectivity, resulting in high CE% (~99%) with 
negligible crossover of I- and I3- active species.10 However, Nafion membranes are 
expensive,10 and it has been reported that the vanadium active species can permeate 
through them, decreasing the CE%.3 Therefore, to improve the ion selectivity and 
chemical stability, Nafion membranes have been modified with organic and inorganic 
materials such as PVDF, SiO2 and SPEEK (sulfonated polyether ether ketone) to form 
hybrid or composite separators.3 For instance, SiO2 hybrid Nafion membranes 
lowered the vanadium ion cross-contamination, leading to improved CE% (~88% vs 
81% at 20 mA cm-2) and energy efficiency (79.9% vs 73.8% at 20 mA cm-2) relative 
to those obtained with an unmodified Nafion membrane.130 Similar results have also 
been obtained with SPEEK-modified Nafion membranes in VRFBs.131,132 In addition, 
low cost microporous membranes have also been investigated in Zn-Br RFBs.57,128 
For instance, Lai et al. demonstrated comparable CE% between a Nafion membrane 
and a Daramic microporous membrane (~93%) in the presence of a complexing agent 
(N-methylethylpyrrolidinium) in the catholyte, which could control the bromine 
cross-over.57 
In Li-metal based RFBs, inorganic ceramic (solid electrolyte) or organic 




depending on the cell configuration.35 For instance, ceramics are more suitable for 
rigid cell designs whereas the polymers are useful for flexible cell designs. However, 
in general, oxide ceramic materials are reported to be superior to polymeric materials, 
due to their greater mechanical, chemical and electrochemical stability.133,134 One of 
the most commonly used, commercially available, oxide materials is NASICON-type 
Li1.3Ti1.7Al0.3(PO4)3 (LATP), with a Li+ ion conductivity of (1–4) × 10-4 S cm-1 at 25 
°C.35,135,136 Zhao et al. reported the application of LATP in a Li-polyiodide (flowing 
catholyte) redox flow battery.65 In this battery, one side of the LATP membrane was 
in contact with an organic electrolyte (Li salt in EC:DMC), and the other in contact 
with an aqueous electrolyte (I2/KI/Li). The LATP sustained over 100 cycles without 
significant structure or phase changes, and also largely retained its ionic conductivity. 
Li1+x+y(Al,Y)x-(Ti,Ge)2-xSiyP3-yO12 type ceramic materials have also been tested in 
Li-Fe cathode flow64,137 and Li-polysulfide batteries.35 However, the relatively low 
ionic conductivity, high grain boundary resistivity and instability with Li metal anode 
are some of the downsides of NASICON-type membrane materials that require 
further attention.35,67 
Despite the continuous progress, identifying and developing suitable 
membrane materials for RFBs remains a challenge. Therefore, extensive studies are 
still required, especially for novel Li and Zn redox flow systems based on non-
aqueous electrolytes such as ILs to realise appropriate and compatible membrane 
materials.  
 
In summary, this literature review presents a comprehensive analysis of the 
current state-of-the-art RFB technologies with a special focus on Zn- and Li-metal 
anode redox couples in IL electrolytes as promising candidates for the development 
of safer and higher energy density RFBs. Previous studies have revealed that the poor 
solubility of active species in aqueous solvents, limitation of the choice of cathodic 
redox couple owing to poor electrolyte stability and the corrosive nature of the acidic 
solvents are some of the primary aspects that hinder the development of high energy 
density and small RFBs. Although the high energy density Zn- and Li-metal anodes 
have shown promising performance in less corrosive and safe IL electrolytes, they 
have not been investigated for application in RFBs. For instance, Zn-IL studies have 
been limited to low concentrations (<9 mol% with [dca]- anion based ILs] and low 
current densities [<0.1 mA cm-2] under static conditions. On the other hand, although 




transport properties in superconcentrated [C3mpyr][FSI] IL electrolyte, it has not 
been investigated at current densities above 1 mA cm-2. The higher electrochemical 
stability of the IL electrolytes also allows the integration of flowing Zn2+/Zn0 or static 
Li anode with high voltage cathodic materials to achieve higher power output.  
Previous studies have also reported that the electrolyte transport properties, 
composition and operating parameters such as concentration, additives, flow rate, 
current density and applied charge capacity can significantly influence the 
electrochemical performance of the redox couple, nucleation and growth process and 
deposit morphology, which can ultimately affect the cell cycling performance. 
Therefore, to develop a fundamental understanding of these parameters under the 
influence of flow or in flooded electrolyte systems, comprehensive experimental 









3.1.1 Zn(dca)2 Synthesis 
Zinc dicyanamide (Zn(dca)2) was synthesised by reacting zinc nitrate 
hexahydrate (98%, Sigma-Aldrich) with sodium dicyanamide (96%, Sigma-Aldrich) 
in water in a 1:2 mole ratio.138 The reaction mixture was stirred overnight at room 
temperature. The resulting white precipitate was filtered and washed with deionised 
water (Millipore superQ system) to remove the remaining nitrates. The filtration and 
washing procedure was repeated 3 times. Finally the material was placed in a round 
bottom flask and dried under high vacuum for 3 days at 60 °C. The purity of Zn(dca)2 
solid was tested by microanalysis (Campbell Microanalytical Laboratory, University 
of Otago, New Zealand) and no impurities were detected (Experimental: Zn - 33%, 
C - 24.43%, N - 42.57%, Theoretical: Zn - 33%, C - 24.3%, N - 42.7%). 
  
3.1.2 Electrolyte Preparation 
1-ethyl-3-methylimidazolium dicyanamide, [C2mim][dca], (>98%, Ionic 
Liquid Technologies) was purified by dissolving in dichloromethane (DMC) and 
filtering the resulting cloudy solution through a 0.2 μm Teflon syringe filter.13 The 
majority of the DMC was removed by drying the sample in a rotary evaporator 
(Model RV10, IKA, Malaysia). The sample was then transferred to a Schlenck line 
and held under high vacuum for 48 hours at 60 °C. The water content of the dried IL 
was measured using a Model 756/831 Karl Fischer Coulometer and was <200 ppm. 
The electrolyte solutions were prepared by adding 9 or 18 mol% of Zn(dca)2 salt to 
[C2mim][dca] IL. After accounting for the water content in the IL and Zn2+ salt 
mixture, the total water content was adjusted to 3.00 ± 0.03 wt% by adding deionised 
water. 
N-butyl-N-methylpyrrolidinium dicyanamide ([C4mpyr][dca], 99.9%, 
Solvionic) was used as purchased. Two series of electrolyte solutions were prepared: 
(1) The H2O content in the electrolyte containing 18 mol% Zn(dca)2 salt and 
[C4mpyr][dca] IL was varied from 1 to 10 wt%. The total H2O contents were adjusted 




measured using a Karl Fischer Coulometer. The ‘dry 18 mol% Zn(dca)2 electrolyte 
mixture’ was prepared by drying it under high vacuum for 3 days at 50 °C. It was the 
transferred into an Ar-filled glovebox (O2 and H2O < 1 ppm) without exposing to 
ambient atmosphere. 
(2) The Zn2+ concentration was changed by adding 9 to 46 mol% (superconcentrated) 
Zn(dca)2 into a solvent mixture containing [C4mpyr][dca] IL and 3 wt % H2O.  
 
N-methyl-N-propylpyrrolidinium bis(fluorosulfonyl)imide ([C3mpyr][FSI], 
purchased from the Australian Institute for Innovative Materials, University of 
Wollongong, purity: [Br-], [K+] < 100 ppm) IL and lithium bis(fluorosulfonyl)imide 
(LiFSI, 99.9%, CoorsTek USA) salt were dried separately under high vacuum at 55 
°C for 72 hours prior to use. The water content of the dried IL was <50 ppm. The 
electrolytes were prepared by mixing dried LiFSI with [C3mpyr][FSI] IL to achieve 
0.5 and 3.2 mol kg-1 (50 mol%) concentrations. The superconcentrated electrolyte 
(3.2 mol kg-1) was stirred at 50 °C overnight in an Ar-filled glovebox to achieve 
complete salt dissolution prior to use. The IL structures used in this study are shown 












3.1.3 Substrate Materials 
  
Zn2+/Zn0 system 
A three-electrode setup was used. The working electrode (WE) was a 1 mm 
diameter glassy carbon electrode (GC, ALS Co. Ltd., Japan). Different counter 
electrodes (CE) were used depending on the type of experiment: 25 mm2 surface area 
Zn foil (0.25 mm thickness, 99.98%, Alfa Aesar), 0.5 mm diameter Pt (99.99%, XRF 
Scientific) or Zn wire (99.95%, Alfa Aesar). A Ag/Ag+ reference electrode (RE) was 
also used. The reference electrode was prepared by immersing the Ag wire in a 5 mM 
silver triflate (AgOTf) in [C2mim][dca] or [C4mpyr][dca] IL separated from the bulk 
solution by a porous frit. The redox potentials of ferrocene/ferrocenium vs the 
Ag/AgOTf RE were +0.44 V and +0.51 V for [C2mim][dca] and [C4mpyr][dca] 
systems, respectively. All of the potentials in this thesis are given against the 
Ag/AgOTf reference electrode unless otherwise stated. Prior to each experiment, the 
WE was polished with alumina powder (0.3 µm, Buehler, USA) mixed with a few 
drops of deionised water on a clean polishing cloth (Buehler). The polished electrode 
was rinsed with deionised water, sonicated for 2 minutes, and dried under a stream of 
N2 gas.  
 
Li+/Li0 system 
 A three-electrode setup consisting of a 1.5 mm diameter Ni WE (ALS Co. 
Ltd, Japan), 1 cm2 surface area Li metal CE (250 µm thick, purity > 99.9%, Sigma 
Aldrich, USA) and a Li pseudo RE was used. The Ni electrode was polished and 
cleaned using the same procedure as mentioned above. The cleaned electrode was 
further dried at 40 °C under vacuum overnight prior to transferring it to an Ar-filled 
glovebox. The Li foil was brushed to remove any surface oxide layer prior to use. 
 
3.2 Flow Cell Prototypes 
The experiments under flow conditions were performed in a flow half-cell 
setup designed in house. Two flow half-cell prototypes were used in this work. The 
cell parts were 3D printed in collaboration with the University of Tasmania using 
‘Veroclear’ material. Their chemical stability towards the ILs being used in this work 
was tested by immersing the cell parts in the electrolytes for 72 hours. The dimensions 




No signs of reactions were noted. Figure 3.2 shows a schematic cross section and an 
image of the flow half-cell (size of the cell body is 45 mm × 20 mm) used to study 
the Zn electrochemistry and morphology at different Zn2+ concentrations and flow 
rates with the [C2mim][dca] electrolyte system. The RE, WE and CE were placed in 
the corresponding sleeves, with their active surfaces parallel to the electrolyte flow, 




Figure 3.2: (a) Schematic cross section and (b) an image of the flow half-cell design 
used with [C2mim][dca] electrolyte system. 
 
The cycling efficiencies of the Zn2+/Zn0 redox couple were measured and 
calculated using the method described in Section 3.3.2. However, the discrepancy 
between the cycling efficiencies obtained under static conditions in the above flow 
cell (45±3%) and in the standard cell vial (84±3%) suggested that further 
improvements in the flow cell geometry were needed. The flow cell was further 
modified to (1) minimise the WE and CE separation to facilitate the electrochemical 
reactions by maximizing the transport of Zn2+ ions between the electrodes and (2) to 







Figure 3.3: (a) A schematic cross section of the modified flow cell setup and (b) 3D 
printed flow cell parts (cell body, RE, CE and WE sleeves). 
 
The performance of the modified flow-half cell (Fig. 3.3) was tested under 
static conditions, and compared to that previously obtained in a standard cell vial. 
The results are summarised in Table 3.1. Similar cycling efficiencies were obtained 
with the modified flow-cell design and the standard cell vial. In other words, the 
modified flow-cell gave an efficiency approximately double that obtained with the 
previous flow half-cell design — a clear improvement. This cell design also reduced 
the required electrolyte volume from 6 ml to 4 ml due to its smaller size as well as 
shorter tubing connections. The modified flow half-cell design was then used for 
further studies to analyse the effects of IL cation (in comparison to [C2mim][dca]) on 
Zn2+/Zn0 cycling performance. 
 
Table 3.1: Summary of cycling efficiencies obtained with 18 mol% Zn(dca)2 + 








18 mol% 84 ± 3% 45 ± 3% 81 ± 3% 







3.3.1 Cyclic Voltammetry (CV) 
Cyclic Voltammetry is an electroanalytical technique used to monitor the 
current resulting from electrochemical reactions at the electrode/electrolyte interface 
whilst scanning the applied potential at the stationary WE with time following a 
triangular waveform at a particular scan rate. A cyclic voltammogram is a current or 
current density response plotted as a function of applied potential. In this work, CV 
was used to analyse the following aspects of the electrochemical system under flow: 
(1) the electrochemical potential window of [C2mim][dca] and [C4mpyr][dca] ILs 
containing added H2O; (2) the reversibility of Zn electrodeposition/dissolution; and 
(3) the effects of Zn2+ concentration and flow rate on redox behaviour of Zn2+/Zn0 in 
9 mol% and 18 mol% Zn(dca)2 electrolyte mixtures. Here, an electrolyte mixture 
refers to a solution containing the preferred mol% of Zn(dca)2, IL and 3 wt% H2O 
unless otherwise stated. CV experiments were performed on a Biologic VMP3/Z 
multi-channel potentiostat using a 3-electrode setup (flow half-cell or standard cell 
vial) consisting of a 1 mm diameter GC WE, 0.5 mm diameter Pt or Zn wire CE and 
Ag/Ag+ RE. Electrode surfaces were prepared as mentioned in Section 3.1.3 prior to 
each experiment. A scan rate of 100 mV s-1 was used to scan through a potential range 
from 0 V to -2.1 V for the [C2mim][dca] system and -2.8 V to 1.5 V for the 
[C4mpyr][dca] system. All the experiments were performed at room temperature in 
ambient atmosphere unless otherwise stated. 
 
3.3.2 Chronopotentiometry (CP) 
Chronopotentiometry is a controlled current technique where a constant 
current is applied between the working and counter electrodes, and the potential of 
the WE with respect to the RE is monitored a function of time. When a current is 
applied, an electron transfer reaction occurs at the WE surface to support the applied 
current. The plateaus observed in these curves correspond to the redox potentials of 
the electroactive species. Chronopotentiometry is a common electroanalytical 
technique used in battery studies to analyse the charging/discharging processes and 
the cycling efficiencies of the electroactive species at a constant current. 
In this work, CP was used to analyse the cycling efficiencies of Zn2+/Zn0 and 
Li+/Li0 redox couples at various current densities, active species (i.e. Zn2+ and Li+) 




calculated using equation 3.1,139 where N is the number of cycles, Qex is excess plated 
charge or ‘excess deposit’ during the first cycle (Zn system: 3 mAh cm-2, Li system: 
1, 2 and 5 mAh cm-2) and Qps is the cycled charge that is stripped or plated from or 
onto the excess deposit at each subsequent cycle (Zn system: 1/6th of Qex, Li system: 
1/4th of Qex mAh cm-2). The Number of cycles were counted as the voltage reached 
~ -0.8 V (vs Ag/Ag+) or 1 V (vs Li) indicating the complete consumption of the active 
excess deposit. This cycling strategy is a useful technique to accurately measure the 
effect of the operating parameters on Li cyclability without the influence of an 
unlimited Zn or Li reservoir present (as is found in the alternative, Zn|Zn or Li|Li 
symmetric cells). 
 





A constant current density of ±3 mA cm-2 was used for the Zn2+/Zn0 system whereas 
a range of current density from 0.1 to 80 mA cm-2 was used for Li+/Li0 system. Similar 
to CV, a 3-electrode configuration including a GC or Ni WE, Zn or Li CE and Ag/Ag+ 
or Li metal RE were used. All the Zn2+/Zn0 experiments were performed in 3D-
printed flow half-cells or a standard cell vial on a Biologic VMP3/Z multi-channel 
potentiostat in ambient atmospheric conditions (unless otherwise stated). The flow 
rates used for each experiment are specified in the corresponding Figure captions. All 
the Li+/Li0 experiments were performed in a standard cell vial under static or stirring 
condition (100, 300 and 500 rpm) at 50 °C (unless otherwise stated) on a Biologic 
SP-200 potentiostat in an Ar-filled glovebox. Figure 3.4 shows a schematic of the 3-








Figure 3.4: Schematic of a 3-electrode setup in a standard cell vial used for Li+/Li0 
experiments. 
 
3.3.3 Scanning Electron Microscopy (SEM) 
Scanning electron microscopy is a commonly used surface characterization 
technique to investigate a range of structural and topographical features of specimens 
at microscopic level not accessible by conventional optical microscopes (up to 
300,000×). In SEM, when an acceleration potential is applied, a high-energy beam of 
electrons is produced. This beam travels under vacuum through an electromagnetic 
field, thereby focusing onto a small sample area. Depending on the potential applied, 
the electron beam interacts with the material surface to a depth of a few microns The 
electrons ejected from the sample are recorded by the detectors in the SEM to form 
an image. In this work all the SEM measurements were taken on a JSM-IT300 SEM, 
which is coupled to an Oxford X-Max 50 mm2 EDX detector. This SEM model has 
a magnification range of 5× to 300,000× and an accelerating voltage ranging from 





Sample Preparation for SEM 
The Zn electrodeposited on GC electrodes from [C2mim][dca] IL electrolyte 
were cleaned by gently rinsing them with deionised H2O to remove residual IL 
whereas the Zn electrodeposits from [C4mpyr][dca] were cleaned by gently rinsing 
sequentially in degassed dichloromethane, dimethyl sulfoxide and deionised H2O to 
remove residual IL. The cleaned surfaces were then dried under a stream of N2 gas 
prior to placing under SEM. An acceleration voltage of 5 kV and 30 pA probe current 
were used to collect the SEM measurements. All the Zn samples were handled in 
ambient atmospheric conditions unless otherwise stated.  
The Li samples were prepared by depositing Li onto a masked Ni foil 
(99.99%, Alfa Aesar) with 2 mm diameter exposed area. The Ni foil was wiped clean 
with ethanol and dried under Ar gas stream prior to bulk Li deposition. For Li 
nucleation experiments, the Ni foil was polished using a mixture of 0.3 µm alumina 
powder (Buehler, USA) and H2O on a clean polishing cloth using a polishing wheel 
(Tegraforce 1, Struers Australia). The Ni foil was polished for 7 minutes at 300 rpm 
rotation speed in an anticlockwise direction using a 20 N force. This polishing method 
was developed to minimise the effect of striation (from the Ni foil manufacturing 
process) on the Li nucleation. The polished Ni foils were sonicated for 15 minutes, 
two times, in fresh deionised H2O to remove the alumina polishing mixture. The 
cleaned surfaces were dried under a stream of Ar gas prior to masking with polyimide 
tape. The masked electrodes were immediately transferred into an Ar-filled glovebox. 
The Li electrodeposits were gently rinsed in dimethyl carbonate (DMC, Sigma 
Aldrich, ≥ 99%) to remove residual IL. The electrodes were dried under vacuum to 
completely evaporate the solvent prior to sealing in an air-sensitive SEM sample 
holder under Ar atmosphere. An acceleration voltage of 5 kV and 30 pA probe current 
were applied for imaging. 
 
3.3.4 Energy Dispersive X-ray Spectroscopy (EDX) 
Energy Dispersive X-ray Spectroscopy is a microanalysis technique used in 
combination with SEM to analyse the chemical or qualitative elemental composition 
of a specimen. Its characterization capabilities mainly rely on the fact that each 
element has a unique atomic structure, leading to a unique set of peaks in its X-ray 
emission spectrum. In principle, all the elements from Be (atomic number 4) to U 




elements with atomic numbers below 10 in the presence of detectors equipped with 
Be windows.140 
 
In this work an EDX equipped with an Oxford X-Max 50 mm2 silicone drift 
detector was used to characterize the composition of Zn deposits. The high current 
mode (×10 the applied current) was selected to collect the surface information, as it 
increases the intensity of X-rays generated. Acceleration voltages of 5 kV and 10 kV 
were used. The latter voltage was selected to increase the depth of electron beam 
penetration into the sample. 
 
3.3.5 Profilometry  
Profilometry is another common technique used to characterise the surface’s 
profile. This technique provides a method to determine larger topographical features 
of a deposit such as variations in thickness. This technique uses the properties of light 
to compare the difference in optical path between the reference and test sample 
surfaces. Inside the profilometer, a light beam is split, transmitting half the beam to 
the test surface and the other to the reference surface. The beams are then reflected 
from the test and reference surfaces where they recombine when the distances from 
the beam splitter to the reference and the test surfaces are the same. This creates light 
and dark bands corresponding to constructive and destructive interferences of the 
combined beams. These differences in optical path are reflective of the height 
variances in the test surface. The interference beam can be focused into a digital 
camera, and, if the wavelength is known, a 3D map of the test surface can be obtained.   
In this work, profilometry was used to analyse the surface thickness and 
uniformity of Zn deposits obtained from [C2mim][dca] IL electrolyte mixture at 
different Zn2+ concentrations. The Zn deposits were cleaned with deionised water and 
dried under a stream of N2 gas prior to taking measurements. All the data were 
collected in ambient atmospheric conditions using a Contour GT-K1 model 
profilometer. 
 
3.3.6 Synchrotron X-ray Powder Diffraction (SXRD) 
XRD is a useful, non-destructive technique that reveals detailed information 
regarding the chemical composition and crystallographic structure of a material.141 
After the interaction of the X-rays with the crystalline planes of the material, the 




angle (2θ). Synchrotron radiation is high intensity and highly monochromatic, 
resulting in a higher signal-to-noise ratio, which is critical for the analysis of small 
sample sizes.  
In this work SXRD was used to identify the Zn phases formed from the 
[C4mpyr][dca]/H2O electrolyte mixture without interference from ambient 
atmospheric conditions. The sample was prepared by plating Zn onto a GC WE for 
35 h to achieve a 1 mg sample size in an Ar-filled glovebox using 18 mol% Zn(dca)2 
in [C4mpyr][dca] IL and 3 wt% H2O electrolyte. The electrodeposit was partially 
dried but not washed to avoid exposure to ambient atmosphere. It was 
homogeneously mixed with silica (fumed, Sigma-Aldrich, 0.014 μm) in 1:1 mass 
ratio to enhance the signal-to-noise ratio. Silica was selected for the analysis, as it is 
a chemically inert material, and its diffraction pattern is distinguishable from that of 
Zn metal and other possible Zn products. The prepared sample was sealed in a 0.3 
mm borosilicate glass capillary (Charles Supper Company, USA) inside an argon 
glovebox prior to XRD measurements. Further, the XRD data collected at 0.688475 
Å wavelength (powder diffraction beamline of Australian Synchrotron, Mythen 
detector) was converted to Cu Kα (1.54187 Å) for easier comparison with literature, 
and the diffraction peaks were matched using a database (International Centre for 
Diffraction Data, 2018). 
 
3.3.7 Fourier Transform Infrared Spectroscopy (FTIR) 
FTIR is an effective spectroscopic technique to identify functional groups and 
characterise covalent bonds in a molecule, providing information regarding molecule 
structure and symmetry. The covalently-bound atoms in a molecule vibrate at 
characteristic frequencies and these vibrations can be excited by IR light (600–4000 
cm-1). Therefore, the absorption of IR light by a sample corresponds to the specific 
functional groups present in a molecule. In this work, FT-IR was used to analyse 
selected electrolyte systems containing various concentrations of Zn(dca)2 and H2O 
in [C4mpyr][dca] IL. Infrared spectra were acquired on a Perkin Elmer IR 101820 
series spectrometer in ambient atmospheric conditions. All spectra were recorded 
with 4 cm-1 resolution and 16 scans. The acquired spectra were normalized in 





3.3.8 X-ray Photoelectron Spectroscopy (XPS) 
XPS is a sensitive advanced surface characterisation technique used to 
analyse the chemical elements present on a sample surface, including the nature of 
the chemical bonds that exist between the elements, and the concentrations of specific 
chemical species present. The XPS technique is based on the photoelectric effect, 
which can be expressed as in equation (3.2) where h is the Planck constant and υ is 
the frequency of the radiation.142 
 
E = hυ   (3.2) 
 
In XPS, when the sample surface is irradiated with incident radiation with sufficient 
energy (hυ) to overcome the attractive forces between nuclei and electrons, 
photoelectrons can be emitted from the sample surface. The kinetic energy (KE) of 
the emitted photoelectrons can be measured using an appropriate electron energy 
analyser and a photoelectron spectrum recorded. As shown in equation (3.3), the KE 
is related to the binding energy (BE) of the photoelectron. 
    
BE = hυ - KE  (3.3) 
 
The binding energy is a direct measure of the energy required to remove the electron 
from the atomic orbital and is specific to the orbital of the element from which it 
ejected. This provides information regarding the oxidation state and local chemical 
environment of the surface region of a sample. The peak intensity and the area under 
the curve provide a way of quantifying the amount of the corresponding chemical 







Figure 3.5: Schematic of the photoelectron emission process in an isolated atom. 
 
In this work, XPS was used to analyse the effects of current density on Li 
surface film structure and composition in superconcentrated IL electrolyte at selected 
charging and discharging states. All the XPS experiments were performed at the 
National Renewable Energy Laboratory (CO, USA) in collaboration with Dr. 
Elisabetta Arca. All of the Li samples were prepared as described in Section 3.3.3 by 
electrodepositing Li onto a masked Ni foil (2 mm diameter exposed area). The Li 
deposits were washed with 3 drops of DMC, 3 times, and dried under vacuum for 20 
minutes prior to mounting on a XPS sample stud. Careful measurements were taken 
in order to avoid moisture/air exposure during the sample transfer process. The 
samples mounted on studs were transferred in a sealed container and opened in an 
Ar-filled glovebox (< 6 ppm of O2 and H2O). The glovebox is connected to a custom-
built vacuum tube (pressure less than 5×10-9 torr) equipped with a trolley to transfer 
the sample from the glovebox to the XPS sample chamber. The trolley movement is 
controlled by a magnet system. 
XPS measurements were collected using a Physical Electronics 5600 
photoelectron spectrometer with an Al K-α X-ray source (1486.7 eV) operated at a 
power of 350 W. The survey spectra were acquired at 187.85 eV pass energy and 
0.8 eV energy step. High-resolution region spectra were acquired at 21.75 eV pass 
energy and 0.1 eV energy step. The spectrometer binding energy (BE) scale was 




Au and Cu foils (EF = 0.00 eV, Au 4f7/2 = 83.96 eV and Cu 2p3/2 = 932.62 eV). The 
pressure in the analysis chamber was lower than 7×10-10 torr. The XPS data 
processing and curve fitting was performed using Igor Pro with a custom program 
adapted from Schmid et al.143 Relative sensitivity factors were taken from the 
Handbook of X-ray Photoelectron spectroscopy.144 Peak areas were measured after 
Shirley background fitting and a Gaussian/Lorentzian algorithm (70:30%) was used 
to fit the peaks to obtain quantitative results. The fit produced an estimated ±10% 
error in the atomic concentration determined for each peak.  
It should be noted that due to the presence of Si impurity in the Ni metal 
substrate, S 2s measurements were collected instead of S 2p. This allowed the S peaks 
to be distinguished from the Si impurities present. However, due to the lack of 
literature on S 2s peaks, some of the peaks in the S region spectra could not be 
identified.  In addition, the energy separations between the components present in the 
Li 1s core level were often extremely small. In these cases, it became challenging to 
create a robust fitting routine which included separate components for each of the 
phases present. This was additionally complicated by differential charging effects. 
For this reason, the Li 1s core level was fit with a single component, with exception 
of individual cases where fitting with multiple components was stable. For those 
cases where only one component was used, it should be noted that this accounts for 






3.3.9 Time of Flight - Secondary Ion Mass Spectroscopy (ToF-SIMS) 
ToF-SIMS is a surface-sensitive analytical technique, which provides 
chemical information about the sample surface through characterizing the secondary 
ions emitted after the bombardment of the sample surface with high-energy primary 




Figure 3.6: Schematic of the TOF-SIMS analysis principle. 
 
This collision results in a range of particles, including intact molecules, atoms, 
molecular fragments and complexes, which can be neutral or charged particles. The 
emitted charged particles, i.e. secondary ions, are analysed in a ToF analyser based 
on their time to reach the detector (i.e. time-of-flight). As shown in Equation (3.4), 
the time-of-flight (t) is proportional to the square root of the secondary ion mass (m). 
The kinetic energy of the particle is represented by KE and the length of the flight 







ToF-SIMS can also produce depth profiles by the removal of surface layers by 
sputtering under a higher current primary ion beam. This results in much higher ion 
yield. Although ToF-SIMS does not produce quantitative analysis, depth profiling 





surface etching process, a sputter gun is used in addition to the primary ion gun, based 
on the material of interest.  
In this work, ToF-SIMS was used as a complementary technique to XPS to 
analyse the effect of current density on Li surface film structure/composition at 
selected charging and discharging states. All the ToF-SIMS experiments were 
performed at the National Renewable Energy Laboratory (CO, USA) in collaboration 
with Dr. Steve Harvey. All the Li samples were prepared as described in Section 3.3.3 
by electrodepositing Li onto a masked Ni foil (2 mm diameter exposed area). The Li 
deposits were washed using the same method in Section 3.3.8. A sealed transfer 
vessel (IONTOF, Germany) was used for Li sample transfer from glovebox to the 
spectrometer. 
 ToF-SIMS analysis was performed using a ToF-SIMS V system (ION-TOF 
GmbH) with a dual beam and a 3-lens 30 kV BiMn primary ion gun. The depth 
profiling was accomplished using 1 kV Oxygen and Cesium-ion sputter beams with 
3–5 nA sputter current. An electron flood gun was used to compensate for sample 
charging during the sputter process. The sputter areas with corresponding sputter 
rates used in this work are shown in Table 3.2. The sputter rates were determined 
from a calibration with silicon oxide wafer using similar conditions to that of the Li 
sample measurements. This produced an estimated ±10% error for sputter rates. The 
relevant sputter rates are also specified in the Figure captions in Chapter 5. 
 
Table 3.2: The sputter areas and corresponding sputter rates used in ToF-SIMS 
analysis. The estimated error for sputter rates is ±10%. 













Zn2+/Zn0 Redox Couple in Dicyanamide Anion 
Based Ionic Liquid Electrolytes for Application 
in Redox Flow Batteries 
 
As mentioned in the Literature review, Zn-anode based systems are highly 
attractive due to a number of beneficial properties including its negative potential, 
safety, cost effectiveness and abundant supply of Zn.4, 21, 57,146 However, the 
traditional Zn based aqueous RFBs are limited to stationary energy storage 
applications, which are typically large installations, due to poor solubility of active 
species in aqueous solvents (limits the practical energy density to 65–75 Wh kg-1)3,4,8  
and Zn dendrite formation during charging (rapid capacity fade and may cause a short 
circuit).21 Therefore, to expand the application of RFBs, organic solvents systems 
have been investigated to overcome the potential limitations caused by aqueous 
solvents.147 Thus far, the poor solubility of active species (0.4 M or less) and safety 
concerns associated with these flammable solvents have hindered their 
development.10,147  
Recently, ILs have been investigated for Li and Na metal battery applications 
due to their favourable safety, stability and Li/Na salt solubility properties.13,14, 21,103 
Among ILs, those containing [dca]- anions exhibit low viscosities at room 
temperature, implying efficient mass transport and higher conductivity for 
electrochemical applications.15,16,148,149 Further, their relatively low cost compared to 
fluorinated-anion based ILs is beneficial for such applications.148 This Chapter is thus 
focused on the following objective: 
To study the effects of various operating parameters on Zn2+/Zn0 electrochemical 
performance in [dca]- anion based ILs. The electrochemical performance can be 
described in terms of cycling efficiency, long-term cycling stability and deposition 
morphology, while the operating parameters to be varied can include;  
 active species (Zn2+) concentration  
 flow rate 
 additive i.e. H2O concentration 





Application of Imidazolium Ionic Liquid for Zn Electrochemistry 
in Flow Environment 
 
As previously mentioned in Section 2.6.2, Simons et al. have investigated the 
role of added Zn2+ salt and the effects of water content on Zn electrochemical 
performance and deposition morphology in [C2mim][dca] IL electrolyte under static 
(i.e., ‘no flow’) conditions.14 It was concluded that an electrolyte system based on 
Zn(dca)2 salt was the most appropriate because it gave a lower onset potential of -1.8 
V vs Fc0/+ for Zn deposition, which is the result of weaker metal–anion interactions, 
and higher current densities for Zn deposition/dissolution (70/40 mA cm-2) compared 
to those seen with Cl-, SO42- or acetate-based Zn salts. Adding 3 wt% H2O to the 
[C2mim][dca] IL electrolyte containing Zn(dca)2 facilitated smoother deposition of 
Zn with closely-packed needle-like morphology and good adhesion to the glassy 
carbon (GC) electrode. In addition, the added H2O improved electrolyte 
physicochemical properties by decreasing the viscosity (from 34 to 25 mPa s) and 
improving the ionic conductivity (from 21 to 25 mS cm-1).22 However, no evidence 
was found to support any changes in Zn2+ speciation with the addition of H2O to 
[C2mim][dca] IL.22 FT-IR analysis of 10 mol% Zn(dca)2 in [C2mim][dca] IL showed 
only slight peak shifts to higher wavenumber (1308 to 1312 cm-1) with peaks 
corresponding to free [dca]- anion in the IL indicating interaction with H2O 
molecules. However, no major peak shifts were evident for the peaks associated with 
[dca]- bound to Zn2+. This implies that the interactions of [dca]- with H2O additive 
are insignificant compared to the interactions of [dca]- with Zn2+ . However, all the 
peaks corresponding to [dca]- have shown a decrease in intensity with increasing H2O 
content, indicating a dilution effect. Therefore, it was suggested that the 
physicochemical property changes with increasing H2O content most likely arose 
from the increased electrolyte fluidity rather than any significant changes in 
speciation.22  
Although Zn(dca)2 in [C2mim][dca] IL with 3 wt% H2O has shown great 
promise in regard to static Zn rechargeable batteries, its application under flow 
configuration was not explored. Furthermore, it has been reported that the 




the additives used, cycling temperatures, applied current densities and flow 
velocities.21, 103,108 Since most of these studies were performed either under static 
conditions and/or using aqueous electrolyte systems, a knowledge gap exists in 
understanding how ILs can affect the morphology of Zn deposited under flow 
conditions. As the morphology can affect the cycling performance and ultimately the 
Coulombic efficiency of the battery, it is important to understand this relationship.  
Therefore, in this Section, the effects of Zn2+ concentration and flow rate on 
electrochemical performance and morphology of Zn electrodeposits were assessed 
using an electrolyte system containing various concentrations of Zn(dca)2 in 
[C2mim][dca] IL and 3 wt% water. The electrochemical performance under flow 
conditions was measured in a 3D-printed flow half-cell prototype designed in-house 
(Fig. 3.2, Chapter 3). This cell design and the solubility of the Zn salt in [C2mim][dca] 
IL allowed the usage of small electrolyte volumes, which is a key requirement for the 
development of miniaturised redox flow-cells. In this work an electrolyte volume of 
4 ml was required per test. The cycling efficiencies obtained under static, stirring and 
flow environments are summarized in Table 4.1. 
 
Table 4.1. Summary of cycling efficiencies obtained with 9 mol% and 18 mol% 
Zn(dca)2 + [C2mim][dca] + 3 wt% H2O under static, stirring and flow conditions at 
±3 mA cm-2 
Electrolyte 
Static in a 
standard cell vial 
Stirring in a 
standard cell 
vial[a] 
Flow in flow cell 
setup[b] 
9 mol% 82 ± 3% 67 ± 3% 33 ± 3% 
18 mol% 84 ± 3% 68 ± 3% 45 ± 3% 







4.1 Effect of Salt Concentration on Zn2+/Zn0 Electrochemistry and 
Morphology under Stirring Conditions 
 
In this study the stirring condition was introduced to mimic a flowing 
environment around the electrode surface to initially determine the potential 
applicability of Zn-[C2mim][dca] system prior to performing further analyses under 
more realistic flow conditions using the flow half-cell configuration. Figure 4.1 
shows the cycling performance of 9 mol% and 18 mol% Zn(dca)2 electrolyte mixtures 
cycled in a standard cell vial, while stirring the electrolyte at 320 rpm. The cycling 
procedure described in Chapter 3, Section 3.3.2 was used to determine the average 
cycling efficiency. The 9 mol% Zn(dca)2 mixture showed an initial discharging 
potential of -1.19 V, which gradually shifted to -1.13 V while 18 mol% Zn(dca)2 
maintained a fairly stable potential under the same conditions (Fig. 4.1a and b). In 
both electrolyte mixtures, Zn was electrodeposited at a potential of -1.08 V. As shown 
in Figure 4.1(b), the higher overpotential observed with 18 mol% Zn(dca)2 could be 
a result of increased viscosity of the solution at high Zn2+ salt concentration. Both 
electrolyte mixtures yielded similar cycling efficiencies of 68±3%. The sharp 
increase in voltage at the end of the final cycle was caused by complete consumption 
of the excess Zn deposit. This experiment demonstrated that the electrolyte mixture 
comprising [C2mim][dca] with Zn(dca)2 and 3 wt% H2O can support continual Zn 




Figure 4.1: Chronopotentiograms of [C2mim][dca] + 3 wt% H2O + a) 9 mol% 
Zn(dca)2 and b) 18 mol% Zn(dca)2 stirring at 320 rpm in a standard cell vial at an 




To study the effects of Zn concentration on electrodeposited Zn morphology 
under static and stirring conditions, Zn was plated onto a GC electrode surface from 
9 mol% and 18 mol% Zn(dca)2 electrolyte mixtures for 1 hour at a constant current 
density of -3 mA cm-2, and micrographs of the Zn deposits obtained are shown in 
Figures 4.2. Different Zn2+ concentrations resulted in distinct Zn morphologies under 
both static and stirring conditions. As shown in Figure 4.2(a), the deposit from the 9 
mol% electrolyte mixture was mostly small grains, along with horizontally-grown 
feather-like Zn structures. Previously, our group has studied the morphology of Zn 
using a similar electrolyte mixture with 9 mol% Zn(dca)2 under static conditions, but 
at different current densities and deposition potentials under an inert gas 
environment.13,14 Under these conditions, spherical particles were observed 
consisting of Zn needles fused together to form a smooth deposit. However, the 
deposition morphology at Zn2+ concentrations higher than 9 mol% was not 
investigated. In the present study, as shown in Figure 4.3(b), the 18 mol% electrolyte 
mixture yielded a Zn deposit comprising aggregates of small spheres, apparently 
composed of even smaller needles, along with 5 µm or bigger spheres displaying a 
different morphology. Therefore, under static conditions, the Zn deposit obtained 
from the 18 mol% electrolyte mixture was porous and non-uniform compared to that 
formed in the 9 mol% electrolyte mixture.  
Figure 4.2(c) and (d) present the Zn deposits obtained from 9 mol% and 18 
mol% electrolyte mixtures under stirring (320 rpm) conditions. As shown in Figure 
4.2(c), the less concentrated electrolyte resulted in a non-uniform, porous deposit 
with cubic grains. The more concentrated system yielded a smoother Zn deposit with 
closely-packed needle-like morphology. Therefore, this study has shown that the 
higher concentrations are favourable towards Zn electrodeposition under dynamic 
electrolyte conditions. As will be discussed in detail in Section 4.2, changes in the 
number of nucleation sites,150 nucleation mechanism,13,150 speciation and/or ionic 
layer arrangement at the electrode interface101,102,151,152 at different Zn2+ 







Figure 4.2: SEM micrographs of Zn deposits after 1 hour electrodeposition with 
[C2mim][dca] IL + 3 wt% H2O in (a) 9 mol% Zn(dca)2 - static, (b) 18 mol% Zn(dca)2 
- static, (c) 9 mol% Zn(dca)2 - stirring, (d) 18 mol% Zn(dca)2 - stirring. Stir rate 320 
rpm, applied current density -3 mA cm-2.  
 
Li et al. have also studied the effect of flow on Zn deposition morphology 
using a relatively high concentration (3.5 M or mol L-1) ZnI2 aqueous electrolyte 
solution.10 Although they observed dendrites under both the static and flow 
conditions, the dendrite size under the flow conditions was around a quarter of that 
obtained under static conditions. Wang et al., examining Zn electrodeposition from 
alkaline zincate solutions under static conditions, showed that high current densities 
can result in a dominant concentration gradient, where Zn2+ ion transport is mainly 
diffusion controlled.24 Such conditions then lead the Zn electrodeposits to grow in the 
diffusion direction, perpendicular to the electrode surface.24 A similar phenomenon 
might have induced the surface deposit formation in Figure 4.2(b). However, under 




can not only reduce the concentration gradient, but also enhance the ion diffusion, 
promoting more uniform Zn deposition morphology (consistent with Fig. 4.2d).152 
However, it should be noted that the 9 mol% electrolyte system gave a more uniform 
morphology under static conditions; this might be because of a less prominent 
concentration gradient leading to a less dendritic surface and/or a different nucleation 
mechanism compared to that at high concentration (Section 4.2).   
  These results indicate that the stirring environment has facilitated formation 
of a uniform Zn deposit at higher concentration of redox-active species. A uniform 
Zn deposit is critical in obtaining a less dendritic surface, one of the key challenges 
yet to be overcome in Zn-based RFBs with aqueous electrolytes.21 To further 
investigate the effect of concentration on Zn electrochemical performance and 
morphology under flow conditions, these electrolyte systems were then tested in the 






4.2 Effect of Zn2+ Concentration on Zn Electrochemistry and 
Morphology in a prototype flow cell  
 
Figure 4.3 presents the cyclic voltammograms obtained for the 9 mol% and 
18 mol% Zn(dca)2 electrolyte mixtures at 22 ml min-1 flow rate. The first reduction 
peak obtained with 9 mol% Zn(dca)2 at an onset potential of -1.44 V corresponds to 
Zn electrodeposition, with a peak current density of ca. 48 mA cm-2 at -1.58 V. When 
the concentration of Zn2+ was increased to 18 mol%, the onset of Zn reduction 
occurred at a less negative potential, -1.33 V. Also, a significantly higher peak current 
density of ca. 100 mA cm-2 was obtained with 18 mol% Zn(dca)2 at -1.46 V peak 




Figure 4.3: Cyclic voltammograms for [C2mim][dca] + 3 wt% H2O with different 
concentrations of Zn(dca)2. Scan rate 100 mV s-1, flow rate 22 ml min-1, 2nd scan. 
 
In comparison to literature reports with a similar electrolyte mixture 
containing 20 mol% Zn(dca)2, the current density obtained here under flow is higher 




when the Zn(dca)2 concentration was increased from 10 to 20 mol%, the Zn 
electrodeposition potential became more negative. In contrast, under flow, the more 
concentrated electrolyte mixture containing 18 mol% Zn(dca)2 gave both superior 
peak current densities and a less negative Zn electrodeposition potential than the 9 
mol% system. The deposition overpotential is clearly dependent upon the Zn2+ 
concentration, but the origin of the different behaviour under flow is less obvious. 
This difference may arise from a different speciation mechanism at higher 
concentration. Previously, using viscosity, conductivity and FT-IR measurements, 
Simons et al. reported that Zn(dca)2 in [C2mim][dca] containing 3 wt% H2O 
undergoes a coordination reaction with the [dca]- anion(s) from the IL to form a 
Zn2+/[dca]- solvation complex, which is responsible for the observed electrochemical 
behaviour.22 However, the nature of this possible mono-, bi- or polynuclear complex 
was not identified. Kausar et al. have shown, using extensive Raman spectroscopic 
analysis, that in VRFBs the nature and the amount of the vanadium species present 
in the catholyte depend on the active species V5+ and total sulphate concentrations.153 
Therefore, it is possible that different Zn(dca)2 concentrations could generate distinct 
Zn2+/[dca]- complexes. Recently, See et al. have also reported the dependence of 
speciation on MgCl2 and AlCl3 concentrations in a Mg battery electrolyte.154 
Increasing the initial salt concentration in the electrolyte shifted the complex 
equilibria of solvated species to favour formation of a dinuclear Mg complex. This 
change in speciation has resulted in higher deposition current densities and lower 
overpotentials for Mg electrodeposition. It is possible a similar phenomenon has led 
to a different Zn2+/[dca]- solvation complex at higher concentration, resulting in a 
higher current density and lower overpotential as observed in Figure 4.3.  
Further, some recent surface studies have also shown the dominant role of ion 
arrangements at the electrode surface in dictating the Zn deposition potential in these 
Zn-IL-H2O systems.101 The AFM analysis of [C2mim][dca] IL performed by Begic 
et al. found that the addition of 3 wt% H2O promotes additional ionic layers at the 
electrode interface. However, the addition of 9 mol% Zn(dca)2 into the IL/H2O 
system reduces the number of ionic layers, indicating easier Zn deposition. Although 
the authors have not performed studies at higher concentrations, it is possible that the 
layers at the interface could be further modified by increasing the Zn(dca)2 
concentration under the influence of flow resulting a lower overpotential as observed. 
For both concentrations, a second reduction peak occurred when the reduction 




Zn(dca)2-[C2mim][dca] system under static conditions.22 It was suggested that the 
two reduction peaks might result from two distinct morphologies or structures of Zn 
being deposited onto the GC electrode surface. The different Zn structures also 
suggest the presence of distinct chemical environments for Zn2+ that can reduce at 
different potentials, as observed in Figure 4.3. The second reduction peak may also 
be associated with the reduction of the imidazolium cation or water, as the negative 
scan is approaching the reduction limit of the IL with 3 wt% water (-2.25 V in Fig. 
4.5a). Nevertheless, no change in colour, nor bubble formation, was detected in the 
electrolyte solution during or after the experiment. Reversible cyclic voltammograms 
have also been reported for the Zn2+ reduction process, even at high H2O 
concentrations, in [C2mim][dca] IL under static conditions, further supporting the 
idea that electrolyte system is suitable for use in Zn-based devices, even in ambient 
atmospheric conditions.22 Further, as shown in Figure 4.3, the oxidation of reduced 
Zn begins at -1.14 V at both concentrations. The oxidation peak current densities also 
increase with increasing redox couple concentration, following the same trend during 
the negative scan, suggesting that the Zn deposits readily oxidise into the solution. 
The morphologies of the Zn electrodeposits obtained under flow conditions 
(22 ml min-1) were compared using optical profilometry and SEM and are shown in 
Figure 4.4. The uniformity of Zn deposits were evaluated from the variations in their 
colours under the optical microscope, as shown in Figure 4.4(a) and (b). A 
monochromatic electrode, as seen in Figure 4.4(b), represents a uniform surface with 
even deposit thickness. Zn deposited from 9 mol% Zn(dca)2 was non-uniform and 
porous (Fig. 4.4c). In contrast, a closely packed, uniform Zn deposit was obtained in 
the electrolyte with 18 mol% Zn(dca)2 under flow (Fig. 4.4d). This improved 
uniformity with higher Zn(dca)2 concentration was also seen under stirring conditions 
(Fig. 4.2). A similar phenomenon has also been reported by Gavrilović-Wohlmuther 
et al. for Zn electrodeposition under flow conditions, when increasing the ZnO 
concentration in aqueous KOH from 0.1 to 0.2 M in an additive-free alkaline-zincate 
electrolyte based flow battery.23  
The improved uniformity of the Zn deposits at higher concentrations under 
the influence of flow may occur for several reasons:  
(1) The higher Zn2+ concentration system generates a higher number of nucleation sites, 
which can evenly distributed across the electrode surface under flow, leading to more 
uniform Zn growth. This may not be true for a lower concentration electrolyte, where 




(2) Previously, Simons et al. has reported that a low concentration of Zn(dca)2 leads to a 
progressive-type of nucleation mechanism, encouraging non-uniform, dendritic Zn 
deposition due to the limited number of nucleation sites formed on the electrode 
surface. In addition, in a study of nucleation and growth of Zn from concentrated 
chloride solutions under static conditions, Trejo et al. have shown that the nucleation 
mechanism is also dependent on the Zn2+ concentration in the electrolyte.150 They 
found that increasing Zn2+ concentration from 0.01 to 0.6 M shifted the nucleation 
mechanism from a progressive- to instantaneous-type, resulting in more homogenous 
surface deposition. Therefore, it is possible for a similar phenomenon to occur in the 
present electrolyte system, causing the distinct morphologies shown in Figure 4.4.  
(3) As previously mentioned, it should also be noted that with increasing Zn(dca)2 
concentration, other factors such as possible changes in speciation mechanism and/or 
ion structuring at the electrode/electrolyte interface may also affect the charge 
transfer rate and can contribute to changes in the Zn morphology. 
Nevertheless, flowing electrolyte is an effective method to realise less 
dendritic and uniform electrodeposits at higher concentrations. Therefore, the 
electrolyte mixture containing 18 mol% Zn(dca)2 was chosen for further studies 
because of its superior Zn plating/stripping current densities, less negative Zn 







Figure 4.4: Profilometric images of Zn deposits after 1 hour in [C2mim][dca] + 3 wt% 
H2O + a) 9 mol% Zn(dca)2, and b) 18 mol% Zn(dca)2, at 22 ml min-1 flow rate and -
3 mA cm-2 current density; (c, d) corresponding SEM images. The black spots in (b) 
are out-of-scale Zn deposits. 
 
 
4.3 Variation of Flow Rate: Zn Electrochemistry and Morphology 
 
To study the effects of flow rate on Zn electrodeposition/dissolution potentials 
and resulting current densities, cyclic voltammetry was performed on the 
electrochemical system at different flow rates. Figure 4.5 shows the cyclic 
voltammograms for [C2mim][dca] containing 18 mol% Zn(dca)2 and 3 wt% H2O at 
flow rates of 6, 13, 22 and 40 ml min-1. The stability of the IL with 3 wt% H2O (i.e., 
without Zn salt) was measured at 6 ml min-1 flow rate as a control experiment (Fig. 
4.5a); the neat IL was not reduced until -2.25 V. When comparing the other 
voltammograms in Figure 4.5 (b–e), the peak current density for Zn electrodeposition 
and dissolution increased with increasing flow rate. This was attributed to the increase 
in mass transfer with increasing flow rate.155 
The onset of Zn electrodeposition in this system occurred at -1.3 V, and was 




2.1 V at all flow rates. This resembles the peak which occurred under static conditions 
in a similar electrolyte mixture, close to the reduction limit of the solvent.22 As 
previously mentioned, this peak might be a result of either another distinct 
morphology of Zn being deposited onto the GC electrode surface, or possibly the 
reduction of the imidazolium cation or water. As in the previous experiment (Fig. 
4.3), neither change in colour, nor bubble formation was detected in the electrolyte 
solution during or after the experiment. The peak potential for the oxidation process 







Figure 4.5: Cyclic voltammograms for a) neat [C2mim][dca] + 3 wt% H2O at 6 ml 
min-1; [C2mim][dca] with 3 wt% H2O and 18 mol% Zn(dca)2 at b) 6 ml min-1, c) 13 




The effect of flow rate on Zn morphology was investigated at 6, 13 and 22 ml 
min-1 flow rates by depositing Zn on a GC electrode surface for 1 hour at -3 mA cm-
2. At 6 ml min-1, (Fig. 4.6a) the Zn deposit showed a highly crystalline needle-like 
structure, whereas 13 ml min-1 flow rate (Fig. 4.6b) led to a deposit of thin plates 
arranged perpendicular to the electrode surface. The morphology of Zn deposited at 
13 ml min-1 was quite similar to that obtained at 22 ml min-1 (Fig. 4.6c), except the 
latter was a more compact deposit. These results highlight that varied flow rates 
significantly alter the morphology of the Zn deposit in the imidazolium IL. These 
changes in morphology were attributed to different mass transport rates at various 
flow rates rather than any changes to the ionic layer arrangements at the electrode 
surface. Previous studies on Zn electrochemistry in [C2mim][dca] IL corroborated by 
AFM analysis have shown that if such changes were to occur in ionic layer 
arrangement they would be expected to also change the Zn electrodeposition 
potential, as it affects the reaction kinetics at the electrode interface.13,101 However, 
such evidence was not detected in Figure 4.5. Deposits formed at flow rates above 22 
ml min-1 were not examined due to limitations caused by the cell design, resulting in 
the disintegration of the cell components under the high internal pressure generated 
by the viscous electrolytes. Since similar Zn morphologies were obtained for 11 (Fig. 








Figure 4.6: SEM images of Zn deposits after plating Zn for 1 hour from 18 mol% 
Zn(dca)2 + [C2mim][dca] + 3 wt% H2O flowing at (a) 6 ml min-1, (b) 13 ml min-1, (c) 
22 ml min-1 and (d) 11 ml min-1 rates at -3 mA cm-2 current density. 
 
 
4.4 Effect of Concentration on Cycling Performance under Flow 
Conditions 
 
The cycling performance of electrolyte systems containing 9 mol% and 18 
mol% Zn(dca)2 was measured at 11 ml min-1 flow rate at an applied current density 
of -3 mA cm-2, as shown in Figure 4.7(a) and (b). The increase in Zn electrodeposition 
potential with continuous cycling at both concentrations was attributed to 
modification of the working electrode surface by Zn plating and stripping. 
Irrespective of the higher overpotential, 18% Zn(dca)2 resulted in better cycling 
efficiency (46±3% compared to 33±3% for 9% Zn(dca)2). This difference may be a 
result of increased flux of Zn2+ ions to the GC electrode surface at higher 
concentration as well as the distinctive Zn morphologies obtained at the different 




who examined the impact of Zn morphology on cycling performance in a Zn-Ni flow 
battery with aqueous electrolytes, and found that a uniform morphology, similar to 




Figure 4.7: Chronopotentiograms in [C2mim][dca] with 3 wt% H2O with a) 9 mol% 
Zn(dca)2 and b) 18 mol% Zn(dca)2 at an applied current density of ±3 mA cm-2. 
Arrows indicate sampling points for SEM imaging presented in Figure 4.8. 
 
The effect of concentration on Zn morphology at 11 ml min-1 flow rate, as 
well as the change in morphology during cycling at each concentration were studied. 
Figure 4.8(a-f) shows the morphologies of Zn deposits obtained from 9 mol% and 18 
mol% Zn(dca)2 electrolyte mixtures after plating Zn for 1 hour and after the 2nd charge 
and discharge cycles (indicated by arrows in Figure 4.7). With 9 mol% Zn(dca)2, a 
non-uniform, porous Zn deposit was obtained after depositing Zn for 1 hour. As 
shown in Figure 4.8(a) inset, the deposit has a platelet morphology similar to that 
reported in the literature,13 and, with cycling, the grain size became smaller. With 18 
mol% Zn(dca)2, a more uniform deposit was obtained after plating Zn for 1 hour. No 
significant change in morphology was detected after cycling, except the grain size 
was smaller after the 2nd discharge cycle (Fig. 4.8f). In addition, patches of GC 
electrode surface, where the Zn had been completely removed, appeared after the 2nd 
discharge. EDX analysis of the electrodeposit at a low accelerating voltage, 5 kV, 
revealed that the surface of the Zn deposit was completely oxidized as a consequence 
of cycling in air (atomic percentages: 26.8% O and 25.7% Zn), but at a higher 




probes deeper into the sample, an increased proportion of Zn was noted indicating 




Figure 4.8. SEM images of Zn deposits after (a) 1 hour charge, (b) 2nd charge cycle 
(c) 2nd discharge cycle with 9 mol% Zn(dca)2 + [C2mim][dca] + 3 wt% H2O; and after 
(d) 1 hour charge, (e) the 2nd charge cycle and (f) the 2nd discharge cycle with 18 
mol% Zn(dca)2 + [C2mim][dca] + 3 wt% H2O at 11 ml min-1 flow rate and ±3 mA 
cm-2 current density. (inset: 1 µm scale, others 5 µm scale) 
 
As summarised in Table 4.1, the cycling efficiencies obtained with 9 mol% 
and 18 mol% Zn(dca)2 in the flow cell setup are clearly lower than those obtained 
under stirring at 320 rpm in a standard cell vial. Further, stirring in a standard cell 
vial has reduced the cycling efficiency compared to the values obtained under static 
conditions at both concentrations in the same standard cell. A more significant 
difference in efficiency was noted in the experiments performed in the flow cell setup 
compared to the stirring condition at 320 rpm. Whilst different cell configurations 
might be a possible contributor for this difference, the exact reason was not clear. In 
fact, when the cycling performance with the 18 mol% Zn(dca)2 electrolyte mixture 
was measured under static conditions in the flow cell setup in Figure 3.2, the 




standard cell vial 84±3% efficiency was obtained. This indicated that the flow cell 
geometry used in the experiments limited the maximum efficiency to 45±3%. This 
disparity in the performance suggested that further improvement in cycling can be 
achieved by optimizing the cell configuration.  
Therefore, as mentioned in Section 3.2, a modified flow half-cell design (Fig. 
3.3) was used for further studies to analyse the effects of different IL cations (by 
comparison to [C2mim][dca]) on Zn2+/Zn0 cycling performance, as will be discussed 
in the next Sections. 
 
4.5 Effects of IL Cation: Comparison of [C2mim][dca] and 
[C4mpyr][dca] performance under flow environment  
 
As mentioned in the introduction, our group has previously investigated Zn 
redox electrochemistry in [dca]- based ILs, and found reversible Zn2+ deposition and 
Zn dissolution in [C4mpyr][dca] and [C2mim][dca] with a relatively low 
concentration of Zn(dca)2, 9 mol% (0.5 M), and 3 wt% H2O under static conditions.13 
The pyrrolidinium IL containing 3 wt% H2O showed a wider electrochemical window 
compared to the imidazolium system (3.5 vs 2 V), due to the higher reductive stability 
of the [C4mpyr]+ cation. This allows the adoption of more negative redox couples in 
[C4mpyr][dca] IL (e.g.: Li+, Na+)148,156 (compared to those that can be used in the 
imidazolium system), which may contribute to higher specific energy when coupled 
with a positive redox couple. However, although it is less stable than [C4mpyr][dca], 
[C2mim][dca] displayed better electrochemical performance with Zn2+/Zn0 under 
static conditions in terms of lower overpotential for Zn electrodeposition (-0.23 vs -
0.84 V), higher current densities for Zn plating/stripping and better cyclability at 
higher current densities (90 cycles at 0.1 mA cm-2 vs 15 cycles at 0.05 mA cm-2).13 
Also, the imidazolium system provided more uniform Zn deposits compared to those 
obtained in the pyrrolidinium IL. A similar phenomenon was reported under static 
conditions with Zn2+/Zn0 in [C2mim][OTf] and [C4mpyr][OTf] ILs.21,103  
The poorer electrochemical performance of the [C4mpyr][dca] electrolyte 
under static conditions was shown to result from strong interfacial layering at the 
electrode/electrolyte interface, leading to the higher overpotential needed for Zn 
deposition compared to that needed in [C2mim][dca] electrolyte.101,102 It is postulated 




deposition to proceed more easily. Therefore, a comparative analysis of 
[C4mpyr][dca] and [C2mim][dca] ILs was performed under flow conditions to 
investigate the effect of IL cation on Zn2+/Zn0 cycling performance. As will be 
discussed in detail below, in contrast to studies under static conditions, the 
[C4mpyr][dca] IL displayed superior cycling performance compared to that of 
[C2mim][dca] under flow condition, even at current densities 60 times higher than 
previously reported in the literature (3 vs 0.05 mA cm-2).   
Based on the performance of the electrolyte compositions used in Sections 
4.2 and 4.4, an electrolyte solution containing 18 mol% Zn(dca)2 in IL and 3 wt% 
H2O was used to compare the cycling performance of [C2mim][dca] and 
[C4mpyr][dca] ILs under static and dynamic conditions using the modified flow half-
cell design shown in Figure 3.3 (Chapter 3). As already mentioned, the 3 wt% H2O 
was selected based on previous work to facilitate smoother Zn deposits.13,157 The flow 
rate at which the dynamic experiments were performed (11 ml min-1) was chosen 
based on previous results in Sections 4.3 and 4.4.  
Under static conditions (Fig. 4.9a), [C2mim][dca] supported a higher cycling 
efficiency (84 ± 3%) than [C4mpyr][dca] (60 ± 2%), agreeing well with the literature 
(90 vs 15 cycles), allowing for the much higher current density applied in this work 
(ca. 3 mA cm-2 vs 0.1 mA cm-2) and hence more realistic quantities of deposit (i.e., 3 
and 0.5 mAh cm-2) to be assessed.13 Also, as expected, the [C4mpyr][dca] system 
resulted a higher overpotential for Zn electrodeposition compared to [C2mim][dca]. 
This was a result of mass transport limitations caused by higher viscosity as well as 
the extensive layering of [C4mpyr][dca] IL at electrode/electrolyte interface making 
Zn electrodeposition more difficult.15,102 Interestingly, under flow conditions (Fig. 
4.9b), the cycling efficiency obtained for [C4mpyr][dca] was maintained at a similar 
value (60 ± 2%) while that of [C2mim][dca] was decreased to almost half (45 ± 3%). 
It is hypothesised that cycling becomes less efficient under the action of flow for the 
imidazolium system, since this system is more susceptible to side reactions, whereas 
the pyrrolidinium system is comparatively more stable.13 Therefore, it is speculated 
that the [C4mpyr][dca] efficiency is not affected by flow. In this instance, the 
mechanisms of the efficiency loss in these systems are unclear. However, the 
deposition overpotential was reduced for [C4mpyr][dca] IL in the flow cell, due to 
better mass transport. 
Further, although the pyrrolidinium system has shown extensive layering at 




imidazolium system, the AFM and molecular dynamic studies have shown that the 
addition of H2O affects the two systems differently.101,102 Adding 3 wt% H2O affected 
neat [C4mpyr][dca] IL more strongly than neat [C2mim][dca], leading to a decrease 
in the number of layers detected. This was attributed to the less hydrophilic nature of 
[C4mpyr][dca] IL as a result of the longer alkyl chain causing the H2O molecules to 
be more likely to move to the electrode interface, significantly reducing the ion 
ordering.101 Although the addition of Zn(dca)2 into the IL-H2O system has again 
increased the detected layers in [C4mpyr][dca] under static condition,101,102 it is also 
possible that this multilayer ion arrangement is disrupted by the flow conditions 
favouring the electron-transfer process. It can also contribute to the shift in Zn 
electrodeposition potential observed in Figure 4.9(b), facilitating the plating process 
under flow condition. However, the Zn plating and stripping potentials obtained for 





Figure 4.9: Chronopotentiograms of [C4mpyr][dca] and [C2mim][dca] with 18 mol% 
Zn(dca)2 and 3 wt% H2O under (a) static condition or (b) flow condition (11 ml min-
1 flow rate) at an applied current density of ± 3 mA cm-2. 
 
Another interesting phenomenon noted for the [C4mpyr][dca] based 
electrolyte was that even after the consumption of the excess Zn deposit, the cell 
continued steady and stable cycling behavior (Fig. 4.10). The [C2mim][dca] system 
displayed a similar long term cycling capability to that of [C4mpyr][dca] under flow 







Figure 4.10: (a) Voltage profile from cycles 9–16 and (b) capacity vs cycle number 
during long term cycling of 18 mol% Zn(dca)2 + [C4mpyr][dca] + 3 wt% H2O at 11 
ml min-1 flow rate and ±3 mA cm-2 applied current density. The numbers on Figure 
(a) are referred to in the text. 
 
As shown in Figure 4.10(a), after the depletion of the excess Zn deposit, the 
working electrode potential dropped to -1.9 V at the start of Zn plating step. This 
electrochemical overpotential was sufficient to drive the Zn nucleation on the bare 
GC surface. After nucleation began, the overpotential decreased to -1.2 V which was 
similar to the Zn electrodeposition potential in previous cycles where Zn nuclei 
growth occurred. A similar phenomenon was observed at the beginning of the initial 
1 hour deposit, where the pristine GC substrate acted as the working electrode (Fig. 
4.11). The upper cut-off voltage was limited to -0.6 V to avoid electrolyte 
decomposition. During this period, an appreciable discharge capacity of 0.25 mAh 







Figure 4.11: Voltage profile for excess Zn deposition on pristine glassy carbon 
electrode using 18 mol% Zn(dca)2 + [C4mpyr][dca] + 3 wt% H2O at 11 ml min-1 flow 
rate and ±3 mA cm-2 applied current density. 
 
To understand the nature of the charge and discharge cycling behavior, with and 
without the 1 hour Zn plating step, the same experiment was repeated without the 
initial 1hr deposition. The cyclability, efficiency and capacity obtained were similar 
to those in Figure 4.10, indicating that the ‘excess deposit’ is not necessary to support 
the continual cycling. 
Similar to [C2mim][dca] system, the effect of flow on electrodeposited Zn 
morphology in [C4mpyr][dca] IL was studied by plating Zn onto a GC electrode 
surface from 18 mol% Zn(dca)2 electrolyte for 1 hour at a constant current density of 
-3 mA cm-2 under static and flow (11 ml min-1) conditions. The results for both 








Figure 4.12: SEM micrographs of Zn deposits after 1 hour electrodeposition with 18 
mol% Zn(dca)2 + 3 wt% H2O in (a) [C2mim][dca] IL - static, (b) [C2mim][dca] IL 
under flow, (c) [C4mpyr][dca] IL - static, (d) [C4mpyr][dca] IL under flow. Flow rate 
11 ml min-1, applied current density -3 mA cm-2. (Inset: 5 μm scale, others 100 μm 
scale). 
 
In both IL systems the flow condition resulted in a more uniform and compact 
deposit (Fig. 4.12b and d) compared to that obtained in the static condition (Fig. 4.12a 
and c). Under static conditions, vertical growth of Zn was visible in both IL systems. 
In [C4mpyr][dca], this growth was particularly prominent around the outer edge of 
the GC electrode and around the circular features in the middle of the electrode. As 
previously mentioned, these differences were attributed to the presence of a dominant 
concentration gradient under static conditions in comparison to flow conditions.24,152 
The Zn deposited from [C2mim][dca] IL under flow condition showed a flake-like 
top Zn layer, suggesting that it had been affected by the direction of flow. 
Interestingly, [C4mpyr][dca] IL resulted in a Zn deposit with more uniform 
morphology under flow condition, with small craters instead of “flake-like” deposits. 
Further, as shown in Figure 4.9, the deposition potential for Zn in the pyrrolidinium-




condition, and therefore, IL electrolyte degradation may occur at the more negative 
deposition potential. Thus, it might be possible that the formation of micro gas 
bubbles has led to the round crater-like features in Figure 4.12(c).  
Based on superior cycling efficiency, long term cycling stability and Zn 
deposition morphology achieved with [C4mpyr][dca] IL under flow configuration, it 






High Zn Concentration Pyrrolidinium Dicyanamide Based Ionic 
Liquid Electrolytes for Zn2+/Zn0 Electrochemistry in a Flow 
Environment 
 
As discussed in the Section 4.5, the [C4mpyr][dca] IL electrolyte displayed 
superior performance at high current densities (3 mA cm-2) under flow conditions, in 
terms of cycling efficiency (60±2% vs 45±3%) and long term cycling stability (>200 
cycles) in contrast to similar experiments performed under static conditions. 
Therefore, [C4mpyr][dca] IL was selected for further studies to investigate its 
electrochemical performance with the Zn2+/Zn0 redox couple under a realistic flow 
configuration to understand the effects of active species concentration, i.e. Zn2+ 
(important for high energy density), H2O additive concentration (important for 
atmospheric stability) and speciation mechanism on the Zn2+/Zn0 electrochemical 
performance in terms of cycling efficiency, long term cycling stability, and deposition 
morphology.  
Significantly, it was found that the [C4mpyr][dca] IL allows a high solubility 
of the Zn(dca)2 salt, up to ~1:1 molar ratio, resulting in dendrite-free Zn morphology, 
of great significance to improving energy density of redox flow systems. Recently, 
high concentration IL electrolytes have been shown to provide dramatically enhanced 
performance with both Li and Na metal anodes.17,158 The current study presents the 
first example of this type of high concentration IL to employ a Zn2+/Zn0 couple and 
also the first to not employ a perfluorinated anion such as [FSI] or [FTFSI],159,160 the 
only anions thus far shown to support enhanced performance in high concentration 
IL electrolytes. However, the approach presented in this work may also be useful in 






4.6 The effect of water content on Zn2+ /Zn0 performance in 
[C4mpyr][dca] under flow configuration 
 
As previously mentioned, the addition of water to [C2mim][dca] or 
[C4mpyr][dca] IL was identified as being important to achieve a uniform and smooth 
Zn morphology.14 However, the significance of the amount of water present in the 
electrolyte has not been investigated under flow configuration. To investigate the 
effect of added water, a comprehensive analysis was performed using an electrolyte 
system of 18 mol% Zn(dca)2 in [C4mpyr][dca] with 1, 3, 6 and 10 wt% H2O at 11 ml 
min-1 flow rate.  
To investigate the electrolyte stability with the addition of water, the 
electrochemical window of neat (i.e., Zn-free) IL containing 1 and 10 wt% H2O were 
determined as shown in Figure 4.13(a and b). The electrochemical window of the 
neat IL was 4.4 V (-1.7 V to 2.7 V vs Zn2+/Zn0). The increase in water content resulted 
in a reduction in the electrochemical window of the IL. Similar results were also 
observed by Mahony et al. and Liu et al. with the addition of water (ranging from 
300 ppm to 50 vol%) to various imidazolium and pyrrolidinium ILs.103,161 The 1 and 
10 wt% systems investigated here demonstrated onset reductive stabilities of -2.45 
and -2 V (oxidative stability 0.75 V and 0.4 V) respectively; it is expected that 
intermediate water compositions would also fall within this range. There were no 
significant peaks within the measured electrochemical windows, which would 
suggest H2O was being oxidised or reduced to an extent that would cause significant 
electrolyte decomposition. In addition, neither gas bubble formation nor 
discolouration of the electrolyte were observed in any of the experiments performed 
under flow, even for the large cycle numbers and areal capacities (up to 1 mAh cm-2), 
as will be further discussed below. This implies that the electrochemical window of 








Figure 4.13: Cyclic voltammograms for (a) negative and (b) positive potential limits 
of neat [C4mpyr][dca] IL with 1 wt% (blue) and 10 wt% (red) H2O under stirring at 
320 rpm and at a scan rate of 100 mV s-1. (c) and (d) Chronopotentiograms of 18 
mol% Zn(dca)2 in [C4mpyr][dca] IL with 1, 3, 6 and 10 wt% H2O under flow 
condition at an applied current density of ±3 mA cm-2 and flow rate of 11 ml min-1. 
 
Figure 4.13(c) presents the voltage profiles collected for cycling efficiency 
measurements using an electrolyte containing 18 mol% Zn(dca)2 and [C4mpyr][dca] 
IL with 1, 3, 6 and 10 wt% added H2O. With increasing water concentration, the Zn 
electrodeposition and dissolution potentials shifted to more positive values: from -
1.27 to -1.11 V and -1.01 to -0.96 V respectively (Fig. 4.13c). As previously reported 
by Simons et al., in [C2mim][dca] IL, the addition of H2O decreased the IL viscosity 
and increased the ionic conductivity.22 Therefore, the shifts in Zn electrodeposition 
potentials with the addition of H2O in Figure 4.13(c) are in part due to the better mass 
transport associated with an increase in electrolyte fluidity, but may also suggest a 






speciation). NMR spin-lattice relaxation (T1) studies performed under static 
conditions have revealed that the addition of 3 wt% H2O to 9 mol% Zn(dca)2 in 
[C4mpyr][dca] IL causes a slight change in 13C T1 relaxation time for the [dca] 
anion.15 This relaxation time is a parameter which is indicative of changes in the 
chemical environment of a species.162–164 However, in reference15 the authors have 
suggested that this shift is due to the changes in [dca]- ion mobility rather than 
speciation changes as the addition of 3 wt% H2O is sufficient to increase the 
electrolyte fluidity. Nonetheless, it is still a possibility for the addition of H2O to alter 
the speciation under the influence of flow, contributing to the changes in Zn 
electrodeposition potential. Further, as previously mentioned, the changes in electron 
transfer kinetics by the influence of ion layer adjustments under flow conditions is 
another possible cause. 
The cycling efficiencies of the above electrolyte compositions are shown in 
Figure 4.13(d) and the results are summarised in Table 4.2. All the electrolyte systems 
showed similar cycling efficiencies with a slight decay from 65 to 50 ± 2% when 
increasing the water content up to 6 wt%. In comparison to the ‘wet’ electrolyte 
systems, the cycling efficiency of a drier 18 mol% Zn(dca)2 electrolyte was lower (54 
± 2%) and the Zn electrodeposition potential was more negative (-1.4 V) due to mass 
transport limitations. This signifies the importance of water additive in the electrolyte 
to improve the Zn2+/Zn0 cyclability. Further, despite the decrease in cycling 
efficiency at high water contents, a stable and steady cycling behaviour was achieved 
even in the presence of 10 wt% H2O for over 100 cycles with an average discharge 
capacity of 0.3 mAh cm-2 (Fig. 4.13d). Previously, Dilasari et al. have studied the 
applicability of [C4mpyr][TFSI] IL with added H2O for Zn electrochemistry in 
ambient conditions for potential application in Zn-air batteries.106 In contrast with 
results for the [dca]- based ILs examined here, they found that 5 wt% water hindered 
the Zn cyclability. Nonetheless, in the present study, the Zn2+/Zn0 redox couple 
showed remarkable stability in the [C4mpyr][dca] IL with H2O system in ambient 
atmospheric conditions as evident by the steady long term cyclability. The voltage 
efficiency of the present study ranges from 79 to 85% at 3 mA cm-2 current density 






Table 4.2. Summary of average cycling efficiencies, discharge capacities and 
Coulombic efficiencies obtained with 18 mol% Zn(dca)2 in [C4mpyr][dca] IL with 









1 65 ± 2 0.30 62 ± 2 
3 60 ± 2 0.28 58 ± 2 
6 50 ± 2 0.28 58 ± 2 
10 50 ± 2 0.28 58 ± 2 
 
 
As mentioned previously, the stable electrochemical behaviour of the neat IL-
H2O systems (Fig. 4.13a, b) indicates that electrolyte decomposition is less likely to 
occur in the potential range of interest. This leads us to suspect the resultant 
inefficiency may occur from two possible sources: (1) formation of irreversible side-
reaction products (soluble or insoluble), (2) detachment or loss of Zn metal as 
particulates into the electrolyte as a result of side reactions or mechanical force from 
the flow. The phase composition of a selected Zn deposit obtained from an electrolyte 
containing an average water content (3 wt% H2O), in this case deposited under an 
inert gas environment, was analysed by Synchrotron XRD for insoluble side reaction 
products. As shown in Figure 4.14, this confirmed the presence of Zn metal without 
any traces of ZnO or Zn(OH)2 phases. However, an unknown phase was present in 
the XRD pattern that was not identifiable using a database. It is possible this is due 








Figure 4.14: Synchrotron XRD pattern for electrodeposited Zn mixed with SiO2 (1:1 
mass ratio). The inset shows the XRD pattern for neat SiO2. The peaks corresponding 
to the unidentified phase are marked in orange diamonds. 
 
Further, following the Zn2+/Zn0 cycling experiments performed in ambient 
atmosphere, some residual Zn deposit was observed on the electrode surface, even 
after exhausting the excess Zn deposit, as shown in Figure 4.15. This could be related 
to electrochemical de-activation of the Zn deposit by the formation of a passive film, 
which also explains the unknown phase in the XRD analysis. The presence of oxygen 







Figure 4.15: (a) SEM micrograph and (b) EDX of the Zn deposit left after exhaustion 
of excess Zn deposit (1 mAh cm-2) created at an applied current density of -3 mA 






The 18 mol% Zn(dca)2 electrolytes with various H2O contents were also tested for 
soluble side products such as zincates using FT-IR spectroscopy. As reported in the 
literature, the presence of zincates leads to a split peak in the IR region corresponding 
to the O-H group.165 However, as shown in Figure 4.16 such features were not 




Figure 4.16: FT-IR spectra of the O-H region for 18 mol% Zn(dca)2 in [C4mpyr][dca] 
(a) with 1, 3, 6 and 10 wt% H2O concentrations before Zn2+ discharge process and 
(b) with 3 wt% H2O before and after Zn2+/Zn0 cycling experiment at ±3 mA cm-2 
current density and 11 ml min-1 flow rate. 
 
It is also possible for Zn particulates to detach from the electrodeposit, contributing 
to the inefficiency. Although any detached Zn particles were not obsereved, they may 
be in the micro- to nano- size range, which would not be visible in the electrolyte 
bath. 
Surface analysis was conducted to investigate the effects of water content on 
Zn morphology using an 18 mol% Zn(dca)2 in [C4mpyr][dca] electrolyte with 1 to 10 
wt% H2O. As shown in Figure 4.17, the amount of water in the electrolyte 
significantly altered the Zn deposition morphology, which was most likely to arise 
from the improved fluidity of the electrolyte as a result of increased water 
content.14,103 For the 1 wt% system (Fig. 4.17a) the deposit showed a needle-like 
structure that was spongy, porous and poorly adhered to the electrode. At 3 wt% (Fig. 
4.17b), the needle-like structure was more evident, but the deposit became less 




content to 6 wt% (Fig. 4.17c) and further (Fig. 4.17d), the Zn morphology completely 
changed to a cubic-like structure, and the deposit became more compact and dense. 
The dense electrodeposits may originate from different Zn nucleation rates due to 
changes in electrolyte viscosity with increasing water content.103 The elemental 
compositions of the above electrodeposits were analysed using EDX, and only Zn, O 
and C were found. The latter was due to the glassy carbon working electrode, and the 




Figure 4.17: SEM images of Zn deposits after 1 hour electrodeposition with 18 mol% 
Zn(dca)2 in [C4mpyr][dca] with (a) 1 wt%, (b) 3 wt%, (c) 6 wt% and (d) 10 wt% H2O 
at an applied current density of -3 mA cm-2 and 11 ml min-1 flow rate. 
 
Therefore, water in the Zn(dca)2-IL electrolyte mixture is essential to enhance 
the cycling efficiency and provide a dendrite-free Zn morphology under flow 
conditions. Although cycling efficiency slightly decreased with increasing water 
concentration from 1 to 10 wt%, all the compositions showed stable and steady long 
term cyclability, while the systems with more than 1 wt% H2O resulted in Zn deposits 




cycling efficiency and Zn morphology, the H2O concentration in the electrolyte was 
fixed at 3 wt% for further studies. 
 
 
4.7 The effect of [Zn2+] on Zn2+ /Zn0 cycling performance in 
[C4mpyr][dca] under flow configuration 
 
For RFBs to be suitable for applications besides stationary energy storage it 
is necessary to improve their energy density.4 Therefore, it is critical to identify redox 
species with high solubility. According to current findings, [C4mpyr][dca] IL 
demonstrates good electrochemical stability and safety under flow configuration in 
atmospheric conditions. Therefore, this section reports the cycling behaviour and 
speciation of the Zn2+/Zn0 redox couple as a function of Zn2+ concentration in 
[C4mpyr][dca] IL. The Zn surfaces were also characterized. The solubility limit of 
Zn2+ was investigated using an electrolyte containing [C4mpyr][dca] IL and 3 wt% 
H2O. The solubility limit of Zn(dca)2 in this solvent mixture was 46 mol%. At higher 
water contents (10 wt%) the Zn(dca)2 solubility limit rapidly decreased to ~35 mol%; 
this was expected, because Zn(dca)2 is not soluble in water.166  
The effect of Zn2+ concentration on cycling efficiency (with a 1 hour excess 
Zn deposition step) and long term cycling stability was investigated using a series of 
electrolyte systems containing 9 to 46 mol% Zn(dca)2 in [C4mpyr][dca] and 3 wt% 
H2O under flow configuration. As summarised in Table 4.3, with increasing Zn2+ 
concentration, both cycling efficiency and discharge capacity increase, to 60 ± 2% 
and 0.28 mAh cm-2, respectively. However, with concentrations above 18 mol%, the 
cycling efficiency and discharge capacity slightly decrease. As presented in Figure 
4.18, all the compositions showed long term cycling stability over 100 cycles; 
however, the higher concentration systems showed steadier, more stable cycling 
behaviour, whereas the low concentration systems cycled more erratically. This 
indicates that not only does [C4mpyr][dca] IL allow higher solubility of Zn2+ active 
species, it is also capable of stable long term cycling in high concentration systems. 
The average cycling efficiencies achieved for the range of compositions reported here 
are still well short of the >99.9% values required for long term cell operation (e.g., as 




Table 4.3. Summary of cycling efficiencies and discharge capacities for 
[C4mpyr][dca] IL and 3 wt% H2O with varying Zn(dca)2 concentration from 9 to 46 
mol% at ±3 mA cm-2 current density and 11 ml min-1 flow rate. 









9 50 ± 2 0.25 51 
18 60 ± 2 0.28 58 
30 57 ± 2 0.25 52 
40 45 ± 2 0.24 49 
46 45 ± 2 0.27 54 
 
 
Indeed, long-term cycling can be achieved as shown in Figure 4.18, leading 
to the question of the origin of the significant inefficiency (~30-50%) that occurs in 
these experiments. As discussed above, the presence of water in the system suggests 
the possibility of H2 evolution at these potentials. If hydrogen were to evolve, it could 
greatly reduce the efficiency; however, gas bubbles were not observed in any of these 
experiments, even for the large cycle numbers and areal capacities reported here (up 
to 1 mAh cm-2). Nonetheless, the values reported here are a substantial improvement 
on the previously reported efficiency of 45% for the imidazolium system under 







Figure 4.18: Long term cycling performance of [C4mpyr][dca] IL and 3 wt% H2O 
with 9, 18, 30, 40, 46 mol% Zn(dca) under flow conditions at an applied current 
density of ±3 mA cm-2 and flow rate of 11 ml min-1. 
 
Figure 4.19 shows the surface analysis of the Zn deposits obtained from 
electrolyte systems containing 18, 30, 40 and 46 mol% Zn(dca)2 in [C4mpyr][dca] 
and 3 wt% H2O under flow conditions. The concentration of active species clearly 
alters the Zn deposit morphology. Interestingly, the lowest and highest 
Zn2+concentrations, 18 and 46 mol% (Fig. 4.19a and d), led to uniform and compact 
deposits with a needle-like structure. On the other hand, the intermediate 
concentrations, 30 and 40 mol% (Fig. 4.19b and c), led to less compact deposits 
showing patchy Zn growth on a thin surface film of Zn; these deposits were made up 
of roughly cubic crystals. The presence of Zn in both the less compact and the thin 
film regions was confirmed by EDX analysis. Previous work by Wang et al. and 
Abbott et al. has shown that the Zn morphology is dependent on many factors 
including ion diffusion and the charge transfer rate at the interface, which in turn are 
related to the speciation and ionic layer arrangement.151,152 Therefore, it is possible 
that a similar phenomenon has contributed to the differences in Zn morphology at 




the Zn(dca)2 concentration is increased above 20 mol% in a [C4mpyr][dca] with 3 
wt% H2O system the activation energy required for ion conduction significantly 
increases, indicating changes in the molecular environment.15 Therefore, if a similar 
event occurred under the influence of flow, it will change the Zn morphology when 
increasing the Zn(dca)2 concentration above 18 mol% as evident by Figure 4.19. 
Also, as previously mentioned, it is possible for Zn nucleation rate and mechanism to 
change with increasing Zn2+ concentration leading to uniform morphology at higher 
concentration.150 Nevertheless, it should be noted that a compact and dendrite-free 
Zn morphology was obtained here with Zn2+-saturated electrolyte (Fig. 4.19d) at -3 
mA cm-2 current density under flow conditions. This combination of compact 
dendrite-free deposit, high current density and high active species concentration is 




Figure 4.19: SEM micrographs of Zn deposits after 1 hour electrodeposition on GC 
electrode with (a) 18 mol%, (b) 30 mol%, (c) 40 mol% and (d) 46 mol% Zn(dca)2 in 
[C4mpyr][dca] and 3 wt% H2O at an applied current density of -3 mA cm-2 and 11 





As previously mentioned, speciation can contribute to the changes in Zn 
morphology.15,151,152 Therefore, to further understand the effect of added Zn salt 
concentration on Zn2+ speciation in the electrolyte, FT-IR (normalized-ATR) analysis 
was conducted on the Zn(dca)2/IL/H2O mixtures, and compared with spectra of the 
neat IL and Zn(dca)2 salt. The 13C NMR analysis of [C4mpyr][dca] IL with increasing 
Zn2+ concentration (29 mol%) has previously shown that the deviation in the 
chemical shift of peaks attributed to [dca]- was significant compared to the those 
associated with [C4mpyr]+ cation.15 Further, the [dca]- anion peak itself steadily 
became more shielded with increasing Zn2+ concentration, suggesting that the [dca]- 
anion was coordinating with Zn2+ cation. Therefore, as the possible solvation 
mechanisms of Zn2+ involve the [dca]- anion,22 any changes in these FT-IR regions 
are expected to be indicative of the speciation of Zn2+ by the anion. Figure 4.20 shows 
the selected regions corresponding to the dicyanamide bands: the C-N region of 1200-





Figure 4.20: FT-IR (Normalized-ATR) spectra of the C-N and C≡N peaks of 
[C4mpyr][dca] + 3 wt% H2O + varying Zn(dca)2 concentration in the range of (a) 





As shown in Figure 4.20(a), the C-N bands corresponding to neat IL and 
Zn(dca)2 salt appeared at 1299 and 1405 cm-1, respectively. With the addition of 18 
mol% Zn(dca)2 to the IL-H2O mixture two bands emerged at 1304 and 1368 cm-1. 
With increasing Zn2+ concentration the intensity of the 1304 cm-1 peak corresponding 
to C-N group from neat IL at 1299 cm-1 decreased while the peak at 1368 cm-1 started 
to grow. A similar phenomena has been observed previously with the addition of 
Zn(dca)2 into [C2mim][dca] IL.22 The authors have proposed that the changes in the 
intensity of the above peaks are due to the solvation of Zn2+ with the free [dca]- in the 
electrolyte to form a new complex anion. Furthermore, similar behaviour to that of 
C-N was reflected in the C≡N peaks. As shown in Figure 4.20(b), there are 3 bands 
corresponding to free [dca]- in the neat IL at 2123, 2189 and 2222 cm-1 and one band 
analogue of the neat salt at 2186 cm-1. With the addition of 18 mol% Zn(dca)2 to the 
solvent mixture, 5 bands emerged at 2127, 2167, 2191, 2230 and 2299 cm-1. With 
increasing salt content, the band at 2191 cm-1 rapidly disappeared while the peak at 
2167 cm-1 gradually grew, eventually merging with the band at 2127 cm-1. This is 
consistent with the previous explanation suggesting a net consumption of free [dca]- 
from the solution. In addition, the band at 2127 cm-1 shifted to higher frequency with 
increasing Zn2+ concentration. In the literature, it has shown that shifts to higher 
wavenumbers for [dca]- vibrations are usually due to the stronger binding of anion to 
the metal centre.167 It is possible that the shift in the 2167 cm-1 band to lower 
frequency with increasing Zn(dca)2 concentration is due to [dca]- acting as a bridging 
ligand between two Zn2+ ions, implying the existence of larger complex ions of 
Zn2+.22 The appearance of new peaks in conjunction with the loss of intensity of 
characteristic peaks and peaks shifts in the C-N and C≡N regions with the addition 
of Zn(dca)2 indicate changes in Zn2+ speciation with varying Zn salt concentration in 
the electrolyte. Such changes can affect ion diffusion, contributing to the differences 
in Zn morphology observed in Figure 4.19. It should also be noted that with 
increasing Zn(dca)2 concentration, other factors such as slower mass transport due to 
increase in electrolyte viscosity and/or possible changes in ionic layer arrangement 
may also affect the charge transfer rate and can contribute to changes in the Zn 





Summary and Concluding Remarks 
This study investigated the applicability of [C2mim][dca] and [C4mpyr][dca] 
ILs with Zn(dca)2 salt and added H2O as potential electrolytes for Zn anodes in redox 
flow batteries for the first time under a realistic flow configuration. The initial studies 
with [C2mim][dca] IL revealed that with increasing Zn2+ concentration to 18 mol%:  
(i) the redox current densities increase due to high active species (Zn2+) 
concentration available at the electrode surface for electrochemical reduction,  
(ii) Zn electrodeposition potential shifts to less negative values possibly due to 
speciation mechanisms at different concentrations under flow conditions or the 
presence of ionic layers at the electrode surface as recently reported.102  
(iii)  Zn morphology can be modified via the concentration of Zn2+ in the 
electrolyte mixture and the applied flow rate.  
The electrolyte mixture containing 18 mol% Zn(dca)2 in [C2mim][dca] IL showed 
promising results including superior Zn oxidation/reduction current densities, low 
overpotentials for Zn electrodeposition, and uniform Zn morphologies under flow 
conditions.  
Therefore, using the 18 mol% Zn(dca)2 composition, the effect of IL cation 
was investigated by dissolving the Zn salt and water additive in [C4mpyr][dca] IL. 
Although this electrolyte system was previously shown to exhibit inferior 
performance compared to that of [C2mim][dca] in terms of cyclability and Zn 
morphology under static or “no flow” conditions, the results obtained here under flow 
configuration were reversed. It was speculated this to arise from different Zn2+ 
speciation mechanisms involved with [C4mpyr][dca] and [C2mim][dca] systems 
and/or the effect of distinct IL ion arrangements. Further, under flow configuration, 
a dendrite free, uniform Zn morphology was obtained with both [C2mim][dca] and 
[C4mpyr][dca] ILs. However, the Zn deposited from [C2mim][dca] IL under flow 
conditions showed a flake-like top Zn layer, as if it had been affected by the direction 
of flow, whereas the [C4mpyr][dca] IL resulted in a more uniform Zn morphology 
without such direction-dependent features. 
Further studies with [C4mpyr][dca] IL revealed that the concentration of water 
in the electrolyte directly affects both the cycling efficiency and Zn deposition 
morphology. With increasing water content, the cycling efficiency decreased from 65 
to 50±2%. However, water is essential to overcome the cycling inefficiencies caused 




electrolyte to achieve a compact and dendrite-free Zn deposit that is well adhered to 
the electrode surface. Nevertheless, all the compositions showed stable long term 
cyclability (>100 cycles) under flow configuration in an ambient atmospheric 
condition. 
Another highlight of the [C4mpyr][dca] IL solvent system is that it enabled a 
high solubility of active species, ~1:1 molar ratio, which is pivotal for improving the 
energy density of redox flow systems. Regardless of Zn2+ concentration, all the 
electrolyte compositions showed similar cycling efficiency and discharge capacity. 
Nevertheless, the higher concentration systems (30–46 mol%) showed steadier, more 
stable, long term cyclability (>100 cycles) compared to the erratic cycling behaviour 
of lower concentration systems. Furthermore, the highest concentration system (46 
mol%) gave a compact and uniform Zn morphology without any indications of 
dendrite formation, thus addressing one of the major issues for current aqueous RFBs. 
It is also important to note that there is more room to improve the cycling performance 
of the high concentration electrolyte by optimising operating parameters including 
the water content, flow rate, current density, substrate and cell design. Nonetheless, 
this work under flow configuration demonstrates the stability and reliability of the 
Zn2+/Zn0 redox couple in a [C4mpyr][dca] IL in ambient atmospheric conditions, 
providing the basis for future investigations of high energy IL-aqueous Zn-based flow 
batteries. In addition, pyrrolidinium dicyanamide IL, which is produced in large 
amounts in the pharmaceutical industry, possess significant advantages for such 
applications due to their relatively low cost compared to fluorinated-anion based 
ILs.148 The demonstration of a high concentration, high volumetric capacity and safe 
Zn redox flow anolyte is an important step towards a high energy density redox flow 
battery. In particular, the high solubility of Zn salts and use of water addition to 






High Current and Capacity Li+/Li0 Redox 
Couple Cycling in Superconcentrated Ionic 
Liquid Electrolytes 
 
In recent years, Li-ion batteries (LIB) have achieved tremendous commercial 
success in both portable and stationary applications such as electric vehicles and 
smart grids. However, the capacity limitations of the graphite anode material (372 
mAh g-1) leads Li-ion batteries to gradually approach their theoretical performance 
limits.168 Li metal, on the other hand, is an excellent anode material with a theoretical 
specific capacity of 3862 mAh g-1, a very negative potential (-3.04 V vs SHE) and a 
low density (0.534 g cm-3); all these features should enable the design of storage 
systems with high energy density.60,61 The application of Li metal anode in 
rechargeable batteries was investigated even in the 1970s using non-aqueous organic 
electrolyte systems.61 However, the high reactivity of Li metal, safety concerns due 
to Li dendrite formation resulting in short circuits and drastically shortened cycle life 
with poor coulombic efficiencies (10-80%) at low current densities (<1 mA cm-2) 
have hindered their practical application.60,61, 71, 78, 93, 125,169,170 To circumvent these 
safety issues, various strategies have been explored in the past including the use of 
more inert solvents and salts, modifying the electrolyte to incorporate additives, 
and/or using polymer electrolytes.60, 168,171,172 Ultimately, durable cycling of Li metal 
electrodes has not been achieved in practical applications, other than at low rates and 
elevated temperatures using polymer electrolytes.75,76,173 To achieve high energy 
density batteries (i.e., to employ a Li metal electrode), enhanced safety is required to 
mitigate the additional risks inherent in higher-energy systems; thus ionic liquids are 
very attractive and much studied from this perspective.90,91, 93, 125,174 Furthermore, 
consumers, particularly for electric vehicle applications, demand even higher charge 
and discharge rate capability. Currently there are limited strategies proposed to 
overcome this barrier — high current deposition of Li metal leads to poor efficiency 
and the risk of short-circuit and thermal runaway through dendrite formation. Hence, 
overcoming these issues is of critical importance for application of next generation 




 As mentioned in the Literature review, [C4mpyr][TFSI] is one of the most 
typically studied ILs with Li metal due to its high thermal and electrochemical 
stability.12, 90, 93, 125,175 Although higher cycling efficiencies (98.4 – 99.1%) have been 
achieved with this IL, the applied current densities have been limited to low values 
such as 0.1 mA cm-2.93,125 Further increments in current densities (> 1 mA cm-2) have 
resulted in poor coulombic efficiencies (93% at 0.5 mA cm-2) and unwanted dendritic 
Li morphology.93  Recently, [FSI] anion based ILs have attracted much attention due 
to their mass transport properties, which are better than those of analogous [TFSI] 
anion based ILs.12, 16, 91,176 Using [C3mpyr][FSI] IL, Bhatt et al. 91 reported stable 
Li|Li symmetric cell cycling with increasing Li+ ion concentration from 0.2 to 0.45 
mol kg-1 at current densities ranging from 0.1 to 10 mA cm-2 due to the formation of 
a SEI with optimal properties (i.e. low impedance) at higher concentrations. Further 
studies have shown improved Li+ ion mobility with increasing Li+ concentration to 
3.2 mol kg-1 (1:1 molar ratio) due to the formation of smaller ionic clusters and a high 
population of low binding energy cis-FSI conformer.16 Further enhancement in Li+ 
ion mobility at higher temperatures has also been shown. Consistent with these 
characteristics, the 3.2 mol kg-1 system has also shown stable cycling and decreased 
electrode resistance in Li|Li symmetrical cell studies.17 However, current densities 
above 1 mA cm-2 have not been investigated thus far for this electrolyte system. As 
mentioned in Section 2.6.1, superconcentrated [P111i4][FSI] IL has demonstrated 
stable Li|Li symmetrical cell cycling at much higher current density with large 
amount of areal capacity being transferred in each polarisation cycle (12 mA cm-2 and 
6 mAh cm-2) at 50 °C, resulting in a >99.2% CE% due to the formation of a favourable 
and uniform SEI.96 This implies that the superconcentrated LiFSI (3.2 mol kg-1) in 
[C3mpyr][FSI] IL may also be able to sustain high current densities at 50 °C.  
Recently, superconcentrated (3 M or above) organic solvent based electrolyte 
systems have also been investigated for application with Li metal.60,84 These 
electrolytes have shown ionic-liquid-like bulk properties and fewer free solvent 
molecules, due to increased solvation by the Li salt. Jeong et al. demonstrated the 
formation of a thinner SEI and superior dendrite suppression using an electrolyte of 
3.27 M LiBETI (Lithium bis(pentafluoroethanesulfonyl)imide) in PC (propylene 
carbonate) compared to a conventional electrolyte.177 However, the CE% achieved 
was only 80%. Yamada et al. reported enhanced reductive stability of acetonitrile in 
the presence of 4.5 M LiFSI and also, faster Li+ intercalation kinetics into a graphite 




system was not reported. Recently, Qian et al., demonstrated Li cyclability in 4 M 
LiFSI in DME electrolyte.84 They have reported 99.1% CE% in Li|Li symmetric cells 
and 97% in Li|Cu half-cells at 10 mA cm-2. However, as previously mentioned, the 
flammability and volatility of these electrolytes are still concerning.  
It is noteworthy that most of the previous studies have been performed at 
current densities below 1 mA cm-2 and higher currents have often resulted poor Li 
cycling and dendritic morphologies or is not reported.71, 78, 93, 125, 170,176 Also, as 
mentioned in the Literature Review, operating parameters such as concentration, 
charge/discharge rates, temperature and substrate can affect the SEI 
structure/composition, which in turn influences the Li deposition morphology and 
cycling efficiency. However, the SEI formed on Li electrodeposits in 
superconcentrated [C3mpyr][FSI] IL electrolyte has not yet been investigated; nor 
have the effects of current density on SEI structure/composition in these systems.  
 
Therefore, this Chapter explores the following aspects in detail:  
 Li nucleation and growth at practically high current densities and their effects 
on subsequent bulk Li electrodeposition morphology and cycling efficiency.  
 Comprehensive surface characterization of Li surfaces at various stages of 
nucleation and bulk deposition to understand the contribution of SEI 
composition on Li cycling performance and morphology.  
The experiments were performed under static conditions due to the difficulty in 
performing realistic flow experiments in controlled environments (i.e. in the 
glovebox). Selected experimental parameters were also investigated under dynamic 






Investigation of the Effects of High Currents, Concentration, 
Temperature, and Dynamic Electrolyte Conditions on Li 
Nucleation and Growth 
 
5.1 Lithium Nucleation Studies in ILs 
The initial nucleation sites and their morphology play a crucial role in 
subsequent bulk Li electrodeposit morphology as they can dramatically influence the 
extent of dendrite formation or suppression.60 As also reported by Abbott et al.,179 
many factors including viscosity, conductivity, redox potentials, electrochemical 
window, speciation and double layer arrangement can affect the nucleation rate and 
growth, which in turn alter the deposit morphology. This is due to the influence of 
the aforementioned factors on the diffusion rate of metal ions to the substrate surface 
as well as the thermodynamics and kinetics of metal ion reduction. Since various 
experimental parameters such as temperature, concentration and applied current 
density can control these factors, they can be systematically altered to achieve a 
desired nucleation morphology. Li nucleation in IL electrolytes has been briefly 
investigated before by various researchers. Sano et al. have studied the effect of 
current density (0.005 to 1 mA cm-2) on Li nucleation using low concentration (0.32 
mol kg-1) [TFSI]- anion based ILs.112 In the [C4mpyr][TFSI] system, the non-dendritic 
Li morphology was limited to low current densities below 0.05 mA cm-2 whereas 0.1 
to 0.2 mA cm-2 have led to deposition of dendritic Li. This morphological difference 
was suggested to be caused by distinct growth kinetics, where lower current density 
deposition was charge-transfer controlled and the intermediate current density (0.1 to 
0.2 mA cm-2) deposition was diffusion controlled. At much higher current densities, 
0.5–1 mA cm-2, the WE (Ni substrate) potential rapidly dropped below -4 V vs Li, 
leading to side reactions becoming dominant. Recently, Grande et al. reported that, 
in comparison to [TFSI]- rich electrolytes, [FSI]- rich systems can impede dendritic 
Li nuclei growth on the Ni substrate.125 This difference was attributed to the fast SEI 
formation on Ni in the [FSI]- rich system, enabling it to act as a good nucleation 
substrate. Bhatt et al. reported that the Li nucleation mechanism on both Ni and Li 
metal substrates from 0.45 mol kg-1 LiFSI in [C3mpyr][FSI] electrolyte is 




operating conditions on Li nucleation morphology have not been investigated in this 
system.  
As previously mentioned, the superconcentrated electrolytes are currently of 
great interest for advanced Li metal battery applications with high energy density and 
enhanced rate capability. In particular, for Li/IL based systems, the application of 
superconcentrated electrolytes is relatively new, and only a few reports have been 
published; those reports mainly focus on the electrolytes’ physicochemical properties 
and Li metal cyclability.16,17, 92, 96,99 However, to achieve a comprehensive 
understanding of the Li electrodeposition process, it is important to understand the 
nucleation stage and its subsequent effect on Li morphology. The bulk Li deposit may 
not provide a complete insight into its development during growth. As mentioned 
before, since various operating parameters can affect nucleation rate and growth, 
developing a fundamental understanding of their effects on nucleation morphology 
can help establish new strategies to suppress dendrite formation, even at higher 
charge/discharge rates. Therefore, this section will focus on investigating the effects 
of various operating parameters including practical current densities, temperature, 
concentration and static/dynamic conditions on Li nuclei size, density, distribution 
and growth, prior to bulk cycling studies. The appropriate experimental conditions 
identified from this study were chosen for further analysis in Part II and III.  
 
 
5.2 Nucleation Studies in Superconcentrated IL Electrolytes  
 
5.2.1 Nucleation at 0.1 to 50 mA cm-2 in 3.2 mol kg-1 LiFSI in [C3mpyr][FSI] 
Figure 5.1(a) shows the voltage profiles for Li nucleation and subsequent 
growth on a Ni substrate at a range of current densities from 0.1 to 50 mA cm-2 in 
3.2 mol kg-1 LiFSI in [C3mpyr][FSI] at 50 °C. At each current density, the voltage 
profile showed an initial voltage drop followed by a plateau voltage, resulting in 
different overpotentials as the deposition progresses. At the beginning of the Li 
electrodeposition process, the WE potential dropped below 0 V to a more negative 
value, sufficient to overcome the energy barrier to drive Li nuclei formation on the 
heterogeneous Ni substrate, whereas a steady and comparatively lower negative 
potential was observed afterwards, during which Li growth continues. The magnitude 
of the initial voltage spike at the onset of Li deposition is defined as the nucleation 




potential.111 In recent studies, Chen et al.180 and Yan et al.181 have reported that this 
higher nucleation overpotential is correlated to the higher kinetic barrier resulting 
from the increased interfacial energy caused by the mismatched crystal structures of 
Ni (face-centred cubic) and Li (body-centred cubic) metals. After initial nucleation, 
because the Li electrodeposition on existing Li nuclei is more favourable than that on 
a bare Ni substrate due to the lower energy barrier, the WE potential shifted to a more 
positive value with continuous Li plating. Agreeing with previous reports in the 
literature,111,112 both the nucleation and steady state Li growth potentials became 
more negative with increasing current density. This relationship was also predicted 
by the Butler-Volmer electrode kinetics theory.111 With increasing current density 
from 0.1 to 50 mA cm-2, the nucleation and plateau overpotentials increased from 
0.03 to 0.14 V and -0.01 to -1.27 V, respectively. The nucleation overpotential was 
calculated as the voltage difference between bottom of the voltage spike and the flat 
part of the plateau voltage. In comparison to higher current densities, both 0.1 and 1 
mA cm-2 required more charge to reach the nucleation potential (Fig. 5.1b). In the 
literature, this was suggested to be because of the simultaneous formation of the SEI 
and Li nuclei.180,181 Interestingly, despite the very high current density, this feature 
reappeared at 50 mA cm-2 where is may be associated with reductive side reactions, 
arising from the solvent or impurity present in the electrolyte, which become 
dominant at high currents (i.e., above 20 mA cm-2). Previously, Yoon et al. reported 
that in the presence of 3.2 mol kg-1 LiFSI, the bulk [C3mpyr][FSI] IL reduction occurs 
at a potential between -1 to -2.5 V vs Li.17 As the onset nucleation potential for 50 
mA cm-2 is below -1 V, it is possible for IL reduction to occur. As will be discussed 
in the next section, the presence of a side reaction at 50 mA cm-2 was further 







Figure 5.1: (a) Voltage profiles for Li electrodeposition on Ni substrate at various 
current densities for a total capacity of 0.03 mAh cm-2 and (b) the charge required to 
reach the nucleation potential at various current densities in 3.2 mol kg-1 LiFSI in 
[C3mpyr][FSI] electrolyte. 
 
5.2.2 Morphology After Deposition at 0.1 to 50 mA cm-2 in 3.2 mol kg-1 LiFSI in 
[C3mpyr][FSI] 
Figure 5.2 shows SEM images of Li electrodeposited on a Ni substrate at a 
range of current densities from 0.1 to 50 mA cm-2 for 0.01, 0.025 and 0.05 mAh cm- 2 
total charge passed. In this discussion, the thin elongated particles seen in the 0.1 to 
5 mA cm-2 Li electrodeposits are defined as ‘thin line-like’ or ‘fibrous’ particles, 
whereas the thicker cylindrical particles found at 10 and 20 mA cm-2 are defined as 
‘rod-like’ particles.  
As expected, particle size decreased with increasing current density at all 
capacities. At 0.1 mA cm-2 and 0.01 mAh cm-2 (Fig. 5.2a), the majority of nuclei 
showed a non-dendritic nature, although a few fibrous Li particles were visible. With 
increasing charge applied to 0.025 mAh cm-2 (Fig. 5.2b), the fibrous morphology was 
still observed and they appear to have grown from the particle head. In addition, 
underneath the bigger particles, seed-like nuclei were also scattered on the Ni surface. 
Further increment in charge passed to 0.05 mAh cm-2 (Fig. 5.2c) resulted in much 
larger particles, possibly due to fusing with other neighbouring particles. In addition, 
relatively small fibrous Li particles were also present on the surface. In comparison 
to the bigger particles present in Figure 5.2(c), the seed-like nuclei have not grown 
significantly in size with increasing capacity from 0.025 to 0.05 mAh cm-2. Previous 




distribution of current density.94,182 At 1 mA cm-2, more fibrous Li deposits were 
observed from the early nucleation stages i.e., 0.01 mAh cm-2 (Fig. 5.2d). Spherical 
particles in various growth stages also coexist with the thin line-like fibrous 
structures, which appear to grow from the spherical particles. With increasing 
capacity, an uneven Li growth (Fig. 5.2e) was promoted, leading to large particles 
and a thicker dendritic fibrous deposit (Fig. 5.2f). At 5 mA cm-2 a significant 
fibrous/dendritic morphology was observed at 0.025 mAh cm-2 compared to previous 
current densities. With increasing capacity to 0.05 mAh cm-2, although the particle 
size increased, the dendritic morphology was still retained.  
At both 10 and 20 mA cm-2 current densities, more nuclei were present in the 
initial stage. Both spherical and a few horizontally grown rod-like particles were 
visible at the former current density (Fig 5.2j). Interestingly, at 20 mA cm-2, almost 
all the particles were similar in shape, although a few bigger particles were evident, 
indicating the growth process had already begun. With increasing capacity to 0.05 
mAh cm-2, both spherical and rod-like structures seemed to grow at each current 
density. However, in comparison to 10 mA cm-2, most of the particles have grown to 
similar size at 20 mA cm-2, resulting in more uniform coverage. From current 
densities of 0.1 to 5 mA cm-2, a sparse coverage was observed even after 0.05 mAh 
cm-2 charge was passed. As previously suggested, despite the possible side reactions 
that may occur during initial nucleation at 50 mA cm-2, surprisingly homogeneous 
coverage of uniform spherical particles was observed up to 0.025 mAh cm-2 capacity. 
However, this evolved into a dendritic structure with increasing capacity up to 0.05 
mAh cm-2, where island-like deposits were observed on top of the spherical particles.  
These differences in nucleation morphology may arise from various reasons 
including different electrodeposition mechanisms and ion-diffusion properties in the 
electrolyte at various current densities. In a theoretical study by Zhao et al., structural 
changes in imidazolium-cation based ILs with the application of external electric 
fields (note that electric field is generally directly proportional to current density) 
were reported to lead to changes in ion orientation, distribution and alignment.183 This 
was found to affect the diffusion properties of the IL, which may ultimately affect the 
deposit morphology.152 It was also proposed in the literature that the depletion of 
metal complex and build-up of counter anions in the diffusion layer closest to the 
electrode surface with the progress of nucleation can affect the speciation of the metal 




the nucleation rate, different current densities may lead to changes in speciation, 
ultimately affecting the deposit morphology.  
Within the range of current densities evaluated, 20 mA cm-2 resulted in the 
least dendritic surface with more uniform coverage with increasing capacity to 0.05 
mAh cm-2, suggesting promise for high rate Li-metal based battery technologies. The 
relatively high uniformity of 0.05 mAh cm-2 Li electrodeposit at 20 mA cm-2 is also 
shown in the Appendix Figure 7.2. As will be discussed in detail in Part II, Li deposits 
obtained at 20 mA cm-2 current density evolved into a denser, more uniform and non-
dendritic morphology compared to that of low current density deposits (1 mA cm-2), 








Figure 5.2: Ex-situ SEM of Li nuclei deposited at 0.01(a–c), 1(d–f), 5(g–i), 10(j–l), 
20(m–o) and 50 mA cm-2 (p–r) current densities for 0.01, 0.025 and 0.05 mAh cm-2 





5.2.3 Nucleation at 80 mA cm-2 in 3.2 mol kg-1 LiFSI in [C3mpyr][FSI] 
Extremely high current density such as 80 mA cm-2 was also investigated to 
determine the applied current density limitation in superconcentrated IL electrolyte. 
Figure 5.3(a) shows the voltage profile for Li nucleation and growth at 80 mA cm-2. 
However, reversible Li cycling was not achievable at such extreme currents. Unlike 
other current densities, a distinct nucleation overpotential spike was not observed at 
the beginning of the voltage curve. Instead, with the application of the current, the 
WE potential dropped to -1.95 V and continued to decrease to below -2.5 V with 
increasing the capacity to 0.1 mAh cm-2. Such negative potentials may lead to 
dominant side reactions, such as electrolyte decomposition, further decreasing the 
potential, as previously observed.16 Similar to other current densities, the Li 
morphology after passing 0.05 mAh cm-2 charge was also investigated at 80 mA cm-
2. Interestingly, as shown in Figure 5.3(b), a uniform surface deposit and coverage 
was achieved without the dendritic island-like morphology observed at 50 mA cm-2 
(Fig. 5.2r). However, at a higher magnification (Fig. 5.3b inset), the particles exhibit 




Figure 5.3: (a) Voltage profile of Li deposition on Ni substrate at 80 mA cm-2 current 
density for 0.03 mAh cm-2 and (b) Ex-situ SEM of Li deposited at 80 mA cm-2 current 






5.2.4 Particle Size and Distribution After Deposition at 0.1 to 50 mA cm-2 in 3.2 
mol kg-1 LiFSI in [C3mpyr][FSI] 
Figure 5.4 shows how average Li particle size and nuclei density are affected 
by applied current density and discharge capacity. Particle size decreased with 
increasing current density, whereas, for a given current density, the particle size tends 
to increase with Li deposition time. The dependence of particle size on the applied 
current density was previously explained in terms of the Gibbs free energy for Li 
nucleation, under the assumptions of homogeneous nucleation and the formation of 
semispherical Li nuclei.111,112 An inverse relationship between critical Li nuclei 
radius and the overpotential was shown. Although a spherical particle shape was not 
always observed at all analysed current densities (Fig. 5.2), the larger overpotentials 
at higher current densities generally led to a smaller particle size, as shown in Figure 
5.4(a) and (b), agreeing with the literature. The increase in particle size with 
continuous Li deposition to 0.05 mAh cm-2 was more pronounced at current densities 
below 20 mA cm-2. At relatively lower current densities (0.1–5 mA cm-2), this could 
be due to the small density of nuclei, which causes the particles to grow more 
significantly.111 At very high current densities (10–50 mA cm-2), because the 
interparticle diffusion may occur easily due to the higher density of nuclei, cluster 
formation can result in large particle sizes.184 Interestingly, at 20 mA cm-2, the 
increase in particle size from 0.025 to 0.05 mAh cm-2 discharge capacities was subtle 
and not as significant as at all the other analysed current densities. This might be due 
to more uniform growth of individual particles compared to that seen at other current 
densities. 
To further understand the nucleation and growth with the progression of Li 
deposition, the nuclei density was analysed at various current densities, while 
increasing the discharge capacity from 0.01 to 0.05 mAh cm-2. The results are plotted 
in Figure 5.4(c) and (d). The nuclei density increased with increasing current density 
at each capacity, with more pronounced effect at current densities above 10 mA cm- 2. 
It decreased with increasing capacity from 0.01 to 0.025 mAh cm-2 at or below 10 
mA cm-2 current density except for at 5 mA cm-2. As shown in Figure 5.2(h) this 
exception might be due to the highly dendritic Li deposition obeserved at 5 mA cm- 2. 
However, with further increment in capacity to 0.05 mAh cm-2 the nuclei density 
decreased at current densities up to 10 mA cm-2. This decrease in nuclei density was 
due to the formation of larger clusters by fusing with neighbouring particles as shown 




capacity from 0.025 to 0.1 mAh cm-2 at a range of current densities (0.1 to 5 mA 
cm- 2) in an organic-solvent based electrolyte.111 The higher nuclei density at the 
beginning of the nucleation process was suggested to be due to the higher driving 
force created by the more negative overpotential, which subsequently decreased and 
plateaued during continuous Li deposition. They reported that this decrease in 
overpotential increases the critical size of the nuclei that can exist; any nuclei that do 
not meet the size requirement cannot survive, causing a decrease in nuclei density. In 
addition, possible fusing of the nuclei in close proximity was also thought to 
contribute to the decrease in the nuclei density with increasing capacity. A different 
behaviour was observed here at current densities above 10 mA cm-2 in the 
superconcentrated IL electrolyte. When the Li deposition progressed from 0.01 to 
0.025 mAh cm-2, the nuclei density did not significantly change at 20 and 50 mA 
cm- 2. However, with increment in charge passed through the substrate to 0.05 mAh 
cm-2, the nuclei density increased by approximately 3 times at 20 mA cm-2, indicating 
the formation of new nuclei even at this later stage. As shown in Figure 5.2(O), this 
might have contributed to the uniform Li coverage on the Ni substrate at 20 mA cm- 2. 
However, due to the presence of dendritic clusters and the large number of particles 







Figure 5.4: Li particle size variation with applied current density; Nuclei size scale 
from (a) 0 to 75 µm and (b) 0 to 1.5 µm. Nuclei density for different amounts of Li 
deposited at various applied current densities; Nuclei density scale from (c) 0 to 3 
nuclei cm-2 and (d) 0 to 0.15 nuclei cm-2. Electrolyte used was 3.2 mol kg-1 LiFSI in 
[C3mpyr][FSI] at 50 °C. (Estimated errors for nuclei size and nuclei density are ±15% 









5.2.5 Modification of Nuclei Morphology and Distribution in [C3mpyr][FSI] ILs 
To suppress dendrite formation at certain current densities, previous studies 
have controlled the initial Li nuclei density and distribution by tuning the 
electrodeposition conditions.111,112 Pei et al. have reported an improved Li particle 
density and uniformity at low current density (0.05 mA cm-2) by creating an initial Li 
seed layer at 10 mA cm-2 followed by a continuous growth at 0.05 mA cm-2 using a 
low concentration organic-solvent based electrolyte.111 Sano et al. have also reported 
a similar phenomenon in low concentration [TFSI]- based ILs by depositing an initial 
Li layer onto a Ni substrate at 1 mA cm-2 followed by further deposition at 
0.05 mA cm-2.112 Therefore, using a similar approach, the effect of the highly dense 
initial Li nuclei surface formed at high current densities (20 mA cm-2 for 0.02 mAh 
cm-2) on Li deposition at lower current (1 mA cm-2 for 0.03 mAh cm-2) was analysed. 
The 20 mA cm-2 current density was selected as it resulted more uniform coverage 
and less dendritic morphology while avoiding the side reactions  that may occur at 
higher overpotential (such as gas bubble formation at 50 mA cm-2). Figure 5.5(a) 
shows the Li particles after depositing for 0.05 mAh cm-2 at 1 mA cm-2 current 
density. As mentioned before, the deposit is sparsely distributed and shows dendritic 
fibrous growth. The Ni substrate is clearly visible underneath the Li deposit. 
However, as shown in Figure 5.5(b), following the initial Li deposition at higher 
current density, a significant increase in Li nuclei density and coverage was observed. 
This is due to the generation of more nuclei at higher current density providing more 
sites for Li growth at 1 mA cm-2 (compared to the number of sites that can be 
generated by the low current density itself). Similar to previous studies, the particle 
size at 1 mA cm-2 also decreased. Further, the dominant dendritic nature observed in 
Figure 5.5(a) was significantly suppressed in the presence of a highly dense initial Li 
nuclei layer, indicating the substantial effect of nuclei density and distribution on 







Figure 5.5: Li plated on a Ni substrate at (a) 1 mA cm-2 for 0.05 mAh cm-2 and (b) 20 
mA cm-2 for 0.02 mAh cm-2 and subsequently 1 mA cm-2 for 0.03 mAh cm-2 with 3.2 
mol kg-1 LiFSI in [C3mpyr][FSI] electrolyte at 50 °C. 
 
 
5.3 Effects of Other Operating Parameters on Li Nucleation Studies 
in IL Electrolytes  
 
5.3.1 Effect of Li+ Concentration 
Other factors such as Li+ ion concentration, temperature and dynamic (i.e. 
static, stirred, and at what rate) electrolyte conditions can also affect the initial 
nucleation process. Therefore, this work further explores their effects on nuclei size, 
density and morphology. Figure 5.6(d-f) compares the effect of a lower Li+ 
concentration (0.5 mol kg-1) on Li nucleation at 1, 20 and 50 mA cm-2 current 
densities when 0.025 mAh cm-2 charge is passed through the substrate. In comparison 
to the 3.2 mol kg-1 system (Fig. 5.6a-c), the nuclei were relatively smaller and more 
densely distributed at 0.5 mol kg-1 Li+ ion concentration. A similar phenomenon was 
reported for Cu metal nucleation from dilute (0.01 M) and high concentration (0.05 
M) aqueous electrolytes.184 The authors explained it as follows. At the onset of 
electrochemical reduction of metal ions, the number density of metal atoms resulted 
on the substrate surface is considered a function of the bulk concentration. In 
comparison to the high concentrated electrolyte, the atom distribution on the substrate 
at low concentrated system is spaced further apart in the atomic state. Therefore, in 
order to minimise the surface energy and form a nucleus, the atoms in the low 




energetically not favoured. Instead, during initial nucleation, these atoms tend to 
group with fewer immediately neighbouring atoms, leading to a higher nuclei density. 
However, at high concentrations, where the atoms are closer to each other, they group 
with many more atoms compared to the grouping at lower concentrations, resulting 
in fewer, larger nuclei. It is possible for a similar phenomenon to occur in the present 
study. However, it should be noted that the effect of the double layer on the nucleation 
process was not considered in these previous studies. The double layer may well be 
a critical factor in IL-based electrolytes, in which the ionic layer at the electrode 
interface may have significant structure.101,102,185 As the possible differences in ion 
structuring at different concentrations affect the ion diffusion and charge transfer 
rate,151,152 such differences can also contribute to the changes in nuclei density and 
deposit morphology. In agreement with these possible effects, distinct Li 
morphologies were observed at different concentrations. Unlike at superconcentrated 
electrolyte, a Li seed layer was observed underneath the dendritically-grown particles 
at 1 mA cm-2 (Fig. 5.6d). With increasing current density to 20 mA cm-2 (Fig. 5.6e), 
the Li particles showed a distinct needle-like structure compared to that at 3.2 mol 
kg-1 LiFSI system. However, no significant difference in nuclei density or 
morphology was observed at extreme current densities, such as 50 mA cm-2 (Fig. 
5.6f). As will be discussed in Part II, it should also be noted that lower concentration 
electrolyte cannot sustain higher current densities such as 20 or 50 mA cm-2 with 
further progression of Li deposition. Therefore, considering the Li nuclei distribution, 
uniform coverage, morphology and the ability to sustain practical current densities, 
superconcentrated electrolytes show promising applicability for high rate Li 
cyclability. 
 
5.3.2 Effect of Temperature 
To investigate the effects of temperature on Li nucleation, Li was 
electrodeposited on to a Ni substrate at 1, 20 and 50 mA cm-2 current densities for 
0.025 mAh cm-2 at room temperature using 3.2 mol kg-1 LiFSI in [C3mpyr][FSI] IL. 
The resulting surfaces are shown in Figure 5.6(g-i) respectively. In comparison to Li 
surfaces formed at 50 °C (Fig. 5.6a-c), it is clear that with decreasing temperature, 
nuclei density increases and the particle size decreases. These effects of temperature 
on nuclei density and size are similar to the effects of overpotential. In the present 
electrolyte system, both the nucleation and plateau overpotentials increase with 




of the electrolyte at room temperature, leading to mass transport limitations greater 
than those seen at 50 °C.16 Previous work has reported that both the nucleation rate 
and nuclei density can exponentially increase with overpotential at any 
temperature.186 This was attributed to an increase in the number of active sites at 
higher potential.184 Recently, Pei et al. also reported a directly proportional 
relationship between nuclei density and the cubic power of overpotential for Li 
nucleation in organic electrolytes.111 Likewise, in the present study, it is possible that 
the relatively higher overpotential at low temperature has also led to an increased 
number of active sites generating a higher nuclei density. As the total amount of 
charge passed is constant at both temperatures, the increased nuclei density at room 
temperature should lead to a decreased nuclei size as observed in the corresponding 
SEM images. A similar phenomenon has been reported for electrodeposition of other 
metals (e.g.: Cu, Co) from aqueous electrolytes with varying temperatures, (and thus 
varying overpotentials).184,186 Further, as shown in Figure 5.6(g) and (h), room-
temperature nucleation led to a dendritic deposit at 1 mA cm-2 and a pronounced 
needle-like structure at 20 mA cm-2, indicating higher temperatures favour less 
dendritic deposition morphologies at very high current density. Similar to the effect 
of concentration (Fig. 5.6c and f), no significant difference in morphology was 
observed for 50 mA cm-2 at different temperatures (Fig. 5.6c and i). 
 
5.3.3 Simulating Flow Conditions 
Figure 5.6(j) shows the Li electrodeposit obtained under the influence of 
stirring (300 rpm) at 20 mA cm-2 for 0.025 mAh cm-2 using 3.2 mol kg-1 LiFSI in 
[C3mpyr][FSI] electrolyte at 50 °C. Similar to the experiments performed on the Zn 
system in Chapter 4, stirring was introduced to mimic a flowing environment around 
the electrode surface, and thus examine the effects of flow on Li nucleation and 
morphology. In comparison to the Li deposit obtained under static conditions (Fig. 
5.6b), an increase in nuclei density and more uniform Li distribution were observed 
under stirring conditions. This is a result of the better mass transport induced by 
forced convection under stirring conditions, whereas mass transport is diffusion 
controlled in the absence of stirring. As mentioned in Chapter 04, convection reduces 
the concentration gradient and enhances the ion transport, promoting uniform 
morphology. Therefore, the application of superconcentrated IL electrolyte at 
practical high current densities under dynamic conditions seems promising, at least 






Figure 5.6: SEM micrographs of Li plated on Ni substrate under various conditions: 
(A) Effect of concentration - (a,d) 1 mA cm-2 (b,e) 20 mA cm-2 and (c,f) 50 mA cm-2 
for 0.025 mAh cm-2 with 3.2 and 0.5 mol kg-1 LiFSI in [C3mpyr][FSI] electrolytes at 
50 °C. Effect of temperature - (g) 1 mA cm-2 (h) 20 mA cm-2 and (i) 50 mA cm-2 for 
0.025 mAh cm-2 with 3.2 mol kg-1 LiFSI in [C3mpyr][FSI] electrolyte at room 
temperature. (B) Effect of stirring - (j) 20 mA cm-2 for 0.025 mAh cm-2 with 3.2 mol 






Investigation of the Effects of High Current and Capacity on Li 
Cycling Efficiency and Bulk Morphology in a Superconcentrated 
Ionic Liquid 
 
Achieving high coulombic efficiency for Li deposition/dissolution while 
suppressing dendrite formation at high current density is critical for the 
implementation of efficient and safe Li-metal based battery technology. From a safety 
perspective, ILs are highly attractive to mitigate the inherent risks associated with Li 
metal and conventional organic electrolytes. As previously mentioned, 
[C3mpyr][FSI] IL is promising for such applications due to its high Li salt solubility 
(1:1 molar ratio, 3.2 mol kg-1 LiFSI), favourable physical and transport properties 
(enhanced at 50 °C) as well as stable Li cyclability.16,17 As discussed in Part I, higher 
current densities (20 mA cm-2) are beneficial to suppress dendrite formation and 
achieve higher nuclei density with more uniform coverage. Therefore, this study is 
focused on a LiFSI/[C3mpyr][FSI] electrolyte mixture to examine, using 
electrochemical and microscopic techniques, the extent of its Li metal 
deposition/dissolution stability and how the deposit morphology and deposit 
performance are influenced by the applied currents and charge. High applied current 
densities are demonstrated in the LiFSI/[C3mpyr][FSI] electrolyte, achieving a 
maximum cycling efficiency of 96% at 20 mA cm-2. The applied current is double 
that of previous reports for high concentration organic or IL electrolytes with 
comparable cycling efficiency (e.g., 97%) using a limited Li reservoir on a foreign 
substrate.84 Interestingly, a tolerance for higher overpotentials (0.5 V) was also 
displayed with further increment of current density to 50 mA cm-2, achieving 88±3% 
cycling efficiency. Furthermore, the effects of the amount of applied charge on Li 






5.4 Coulombic Efficiency of Lio/Li+ on Ni Electrode in 
LiFSI/[C3mpyr][FSI]  
 
5.4.1 Comparison of Applied Current Density and Concentration 
After observing differences in the nucleation processes with low (0.5 mol 
kg- 1) and high (3.2 mol kg-1) concentrations of LiFSI in [C3mpyr][FSI] IL, the 
cyclability of Li metal at a range of current densities, including remarkably high 
values such as 20 mA cm-2, was investigated in these electrolytes (Fig. 5.7). The cells 
were cycled using the protocol described in Section 3.3.2 in Chapter 3. At 1 mA cm-
2, both systems showed a similar and relatively low cycling efficiency of 64±3% (Fig. 
5.7a). A higher cycling efficiency (~98%) has been reported at 1 mA cm-2 with 0.5 
mol kg- 1 LiTFSI in [C4mpyr][TFSI] IL; this high efficiency was attributed to non-
dendritic Li deposition and dissolution on the Pt substrate used.93 As expected, the 
superconcentrated system displayed a more negative potential for Li 
electrodeposition compared to that found in the low concentration electrolyte. This 
was because of mass transport limitations caused by the higher viscosity of the 







Figure 5.7: (a) Cycling efficiencies for 0.5 and 3.2 mol kg-1 LiFSI in [C3mpyr][FSI] 
at 1, 20 and 50 mA cm-2 at 1 mAh cm-2 excess plated charge (Qex) and 0.25 mAh cm- 2 
cycled charge (Qp); Voltage profiles for (b) both concentrations at 1 mA cm-2, (c) 0.5 
mol kg-1 and (d) 3.2 mol kg-1 at 20 mA cm-2 current density. T = 50 °C and the * 
marks are referred to in Figure 5.9. 
 
However, as shown in Figure 5.7(a), when the current densities were 
increased to high values (20 mA cm-2 or above), the low concentration electrolyte 
failed to support the Li electrodeposition and the WE potential dropped to -3 V under 
a reduction current (Fig. 5.7c) as the Li+ became depleted at the electrode. The 
reduction voltage profile showed two plateaus at -0.3 V and -2.5 V, which were 
attributed to Li deposition and the reduction reaction of the ionic liquid cation, 
respectively. When the current was reversed, the electrode potential instantaneously 
increased to a high positive potential, decomposing the electrolyte, generating gas 
bubbles and causing discolouration, as shown in the insert of Figure 5.7(c).  
In contrast, the superconcentrated system showed an impressive improvement 




96±3% (100 cycles) was achieved (Fig. 5.7d). Interestingly, no signs of severe side 
reactions such as gas bubble formation or IL discoloration were detected. As shown 
in Figure 5.7(a), this electrolyte allowed further increases in current density to a 
working maximum of 50 mA cm-2 at the abovementioned applied charge capacity 
with a cycling efficiency of 88±3%. As further discussed later, a few gas bubbles 
were detected on the electrode surface during the experiment at 50 mA cm-2, 
indicating the presence of a side reaction competing with the Li plating and stripping 
process, which might have also contributed to the loss in cycling efficiency with 
increasing current from 20 to 50 mA cm-2. 
It has been reported that substrate surface and/or SEI modifications can lead 
to improved coulombic efficiencies.60, 83, 127,187 Such approaches could presumably be 
used to improve the efficiency for the system shown here, where a bare polished Ni 
electrode was employed. Zhang et al. recently reported that by regulating the initial 
state of the SEI on the metal substrate, it is possible to achieve an enhanced coulombic 
efficiency and lifespan for Li-metal cycling.83 The initial coulombic efficiency was 
improved from 85 to 94% in carbonate electrolytes by depositing Li metal onto a LiF-
rich Cu substrate — which also decreased the SEI resistance compared to that 
obtained with a bare Cu substrate. Recently, Adams et al.127 and Wang et al.187 
reported electrochemical substrate pre-conditioning methods to improve coulombic 
efficiency. For instance, after pre-conditioning the substrate surface, Wang et al. 
reported a drastic enhancement in coulombic efficiency from 39 to 90.5% at 5 mA 
cm-2 due to uniform and rapid distribution of Li nuclei resulting a better surface 
coverage. Grande et al. also enhanced Li cyclability (96.5% coulombic efficiency at 
0.1 mA cm-2) in [C4mpyr][TFSI] IL at 60 °C after thermally conditioning the Li|Li 
symmetric cell for 1 week to facilitate the formation of a stable SEI.95 Careful 
engineering of electrode surface modifications and treatment conditions are likely to 
improve the cycling efficiency of the superconcentrated electrolyte system. In fact, 
modifying the cation chemistry by using an analogous phosphonium-based 
superconcentrated IL has been shown to support efficiencies greater than 99% in a 






5.4.2 Higher Currents and Deposited Charge for 3.2 mol kg-1 LiFSI in 
[C3mpyr][FSI] 
Further characterisation was performed in the superconcentrated electrolyte 
to study the Li cycling behaviour and surface properties at various current densities 
and applied charge capacities and a summary of the results are shown in Figure 5.8(a). 
Within each applied charge capacity, maximum cycling efficiencies (96, 93 and 
83±3%) were obtained when the current density was increased from 1 to 20 mA cm- 2. 
As mentioned previously, no signs of side reactions such as gas bubble formation or 
IL discoloration were detected at 20 mA cm-2. Interestingly, this electrolyte allowed 
further increment in the applied current density to a maximum of 75 mA cm-2. 
However, at such extreme conditions the number of cycles was limited, resulting in 
low efficiencies (40±3%). The high overpotential (Li deposition -1 V and dissolution 
1 V vs Li) at such high current densities most likely led to prominent side reactions, 
resulting in poor cycling performance. This was evident from gas bubbles at the 
electrode surface during the experiments at current densities at or above 50 mA cm- 2. 
The nature of the side reactions is not yet well defined, but they are thought 
to arise from reduction of the solvent or impurities present in the electrolyte.188 As 
previously mentioned, the bulk [C3mpyr][FSI] IL reduction between -1 and -2.5 V vs 
Li in the presence of 3.2 mol kg-1 LiFSI is one possibility.17 The presence of these 
side products formed during excess Li deposition may also further degrade efficiency 
during cycling. Budi et al. proposed a mechanism for [FSI]- reduction based on 
molecular dynamic (MD) simulations, which showed the formation of SO2 gas as a 
side product.98 This is another possibility in the present study at or above 50 mA 
cm- 2, where significantly higher overpotentials were observed.  
Figure 5.8(b) shows the complete voltage profiles for Ni|Li|Li cycling at 1, 20 
and 50 mA cm-2 as a function of cycled capacity. The voltage profiles for excess Li 
deposition and selected cycles are shown in Figure 5.8(c) and (d) for clarity. As 
shown in Figure 5.8(c), the voltage plateau corresponding to steady-state Li growth 
was seen to increase with increasing current density, in-line with previous 
studies.111,112 At higher current densities, as Li deposition progressed, the working 
electrode potential shifted to more positive values as it was more favourable for Li to 






Figure 5.8: (a) Cycling efficiencies for 3.2 mol kg-1 LiFSI in [C3mpyr][FSI] at 1, 20 
and 50 mA cm-2 at 1, 2 and 5 mAh cm-2 excess plated charge (Qex) and 0.25*Qex mAh 
cm-2 cycled charge (Qp), (b) complete voltage profiles for Ni|Li cycling at 1 (blue), 
20 (red) and 50 (green) mA cm-2; Voltage profile corresponding to (c) excess Li 
deposition for 1 mAh cm-2 and (d) at selected cycles; 1 mA cm-2 (1st and 5th), 20 mA 
cm-2 (1st , 5th , 20th  and 80th) and 50 mA cm-2 (1st , 5th and 20th). 
 
Figure 5.8(d) compares the voltage profiles for selected cycles at 1, 20 and 50 
mA cm-2 current densities at 50 °C. Each cell shows that, for a given applied current 
density, the overpotential remains relatively stable until it reaches the latter cycles. 
At 1 mA cm-2 a low overpotential (<0.03 V) was recorded, as expected. Interestingly, 
when the current density was 20 times higher, the overpotential was 0.2 V, which is 
still a low value considering the very high applied current density. Although the 
overpotential attained at 50 mA cm-2 was significantly higher (0.5 V), the cycling was 
still stable for 30 cycles, resulting an efficiency of ~88±3% (Fig. 5.8a). This indicates 
that the superconcentrated LiFSI in [C3mpyr][FSI] electrolyte supports very large 





Further, as shown in Figure 5.8(b), at each current density the cell polarisation 
gradually increased in later cycles. This increase in overpotential may arise from the 
continuous accumulation of ‘dead Li’ during cycling, which impedes the Li-ion 
diffusion due to increased diffusion path length. The evolution of dead Li can lead to 
mass transport limitation during cycling, requiring longer periods of time and higher 
overpotentials to establish a quasi-steady state concentration gradient. Chen et al. 
recently reported similar observations in Li|Li symmetric cells at different current 
densities (1 – 10 mA cm-2) and depths of charge (0.1 – 1.25 mAh cm-2) using 
conventional organic electrolytes.189 The SEM images in Figure 5.9(d) (1 mA cm-2) 
and (h) (20 mA cm-2), show that a surface deposit persists on the Ni substrate even 
after completion of the efficiency experiment, indicating an electrochemically- or 
electrically- inactive Li deposit which did not participate in Li stripping.  
 
5.4.3 Evolution of Deposit Morphology during Cycling; Effect of Current 
Density 
To compare the effects of current density on Li deposition morphology, a low 
(1 mA cm-2) and a high (20 mA cm-2) current were selected and micrographs acquired 
at selected stages of the cycling process (Fig 5.9). The points at which the Li 
morphologies were analysed are marked by red asterisks in Figure 5.7(b). The last 
cycle number (i.e. where the excess lithium deposit was exhausted) was higher for 
the 20 mA cm-2 experiment (7th vs 100th cycle). As shown in Figure 5.9(b), a better 
coverage was achieved after excess Li deposition at 20 mA cm-2 compared to 1 mA 
cm-2 (Fig. 5.9a). As also observed in Part I, this was attributed to the formation of 
more nucleation sites dispersed across the Ni substrate at higher current density.111 
Similar to previous studies,111,112 the particle size also decreased with increasing 
current density. Interestingly, at high current density, the Li deposit evolved into a 
more uniform and dense structure, whereas the low current density Li deposit 
exhibited a more dendritic nature. Needle-like dendritic structures were formed at 1 
mA cm-2 current density, as shown in Figure 5.9(c, e and g). Such structures were not 
evident during cycling at 20 mA cm-2 until complete exhaustion of the excess Li 
deposit (Fig. 5.9h). In the literature, it has been shown that a stable SEI layer can 
suppress dendrite formation and promote stable cycling.190 Therefore, it is 
hypothesised that the dendrite-free Li morphology observed at 20 mA cm-2 here is 
due to the formation of a more stable SEI layer, compared to that formed at 1 mA 




density is most likely due to the dendrite-free Li morphology formed on the Ni 
substrate. Further, as previously mentioned, the presence of a surface Li deposit (Fig. 
5.9g and h) after the complete exhaustion of the excess Li deposit might be due to 
electrochemical and/or electrical isolation of active Li from the bulk electrode (i.e. 
dead lithium). It is evident that the more compact and dendrite-free deposit formed at 
20 mA cm-2 contributed to a reduced amount of these isolated deposits at the cessation 







Figure 5.9: SEM images of Li deposits on Ni substrate at 1 and 20 mA cm-2 after (a,b) 
excess plated charge or ‘excess deposit’, (c,d) 5th cycle charge, (e,f) last cycle 
discharge and (g,h) exhaustion of excess deposit. The excess plated charge (Qex) is 1 




In literature, apart from the compact and uniform Li deposits obtained from 
superconcentrated phosphonium based ILs in Li|Li symmetric cells at 12 mA cm-
2,96,99 Zheng et al. have also reported a uniform and crack-free Li morphology in 
Li|NMC cells when increasing the current density from 0.2 to 4 mA cm-2 with 
conventional organic electrolyte.114 The latter was attributed to the formation of a 
stable SEI at higher current density minimising further reaction with the electrolyte. 
At lower current densities, the poor SEI properties led to continuous reactions 
between the electrolyte and Li metal, generating a large amount of inert by-products 
(ultimately inactive or dead Li189) and resulting in relatively poor Li cycling. 
 
5.4.4 Impedance Analysis of Cycled Deposits 
To gain further insight into the relationship between cell performance and Li 
deposit morphology on the Ni substrate, EIS was performed at three different 
instances (before cycling, after excess Li deposition and after exhaustion of the 
deposit) for the 1 and 20 mA cm-2 experiments, as shown in Figure 5.10. It should be 
noted that the impedance results achieved in this study with a 3-electrode 
electrochemical cell setup are higher than those found in a coin cell, due to differences 
in the cell geometry and the absence of stack pressure. As shown in Figure 5.10(a) 
and (b), after excess Li deposition, the electrode resistance at 20 mA cm-2 was 
significantly lower than for the 1 mA cm-2 experiment. After exhaustion of the excess 
Li deposit, both systems showed an increase in electrode resistance. However, 
following a similar trend, the lower current density electrodeposit exhibited a 
substantially higher electrode resistance compared to that of the 20 mA cm-2 sample. 
It was hypothesized that the higher electrode resistance at 1 mA cm-2 current density 
arose from the formation of a less favourable SEI, as evident from the dendritic and 
non-uniform Li deposit shown in Figure 5.9. Such deposits can lead to continuous 
reaction between fresh Li and electrolyte, resulting in a thicker SEI layer, which 
increases the electrode impedance during cycling due to Li-ion diffusion 
limitations.60 This is consistent with the significantly higher electrode resistance 
observed for 1 mA cm-2 in Figure 5.10(c) after cycling. On the contrary, the more 
dense and uniform Li deposit produced at 20 mA cm-2 (Fig. 5.9) indicates the 
presence of a stable SEI layer, which is evident from the lower electrode resistance 
in the EIS measurements. This might have also contributed to the higher cycling 







Figure 5.10: EIS measurements at 1 and 20 mA cm-2 (a) before cycling, (b) after 
excess Li deposition and (c) after exhaustion of excess deposit. The excess plated 
charge (Qex) is 1 mAh cm-2 and the cycled charge (Qps) is 0.25 mAh cm-2. 
 
5.4.5 Increasing Li Deposition from 1 to 5 mAh cm-2 at 20 mA cm-2 
As shown in Figure 5.8(a), the applied charge capacity equivalent to the 
excess Li deposition (Qex) was increased from 1 to 5 mAh cm-2, where 1/4th of the 
excess plated charge was cycled at each current density to exhaustion. The best 
cycling performance at all applied capacities was achieved at 20 mA cm-2 current 
density, whereas an extremely poor cycling efficiency of 33±3% was obtained at 1 
mA cm-2 when the cycled capacity was higher than 0.25 mAh cm-2. At 50 mA cm-2, 
when the cycled capacity was increased by 5 times (i.e., from 0.25 to 1.25 mAh cm-
2) the cycling efficiency decreased from 88 to 43±3%. 
Figure 5.11 compares the voltage profiles and cycling of Li metal deposited 
onto Ni substrate for 1, 2 and 5 mAh cm-2 at 20 mA cm-2 current density. The voltage 
profiles for excess Li deposition (Fig. 5.11b) at all 3 capacities overlapped with each 
other, as expected due to their similar nucleation overpotentials. With continuous Li 
deposition, the reduction potential shifted to less negative values, indicating Li 
growth is easier on existing Li nuclei. These excess deposits were then cycled 




for selected cycles at each cycled capacity at 20 mA cm-2. It was observed that with 
increasing cycled capacity, the number of cycles until the exhaustion of 1, 2 and 5 
mAh cm-2 excess Li deposits decreased from 100 to 20 decreasing the cycling 
efficiency from 96 to 83±3%. Interestingly, after cycling at all 3 capacities (0.25, 0.5 
and 1.25 mAh cm-2), it was found that the total cycling duration to exhaust the 1, 2 




Figure 5.11: (a) Full cycling voltage profile and E vs capacity curves (b) for excess 
Li deposition with excess plated charge (Qex) of 1, 2 and 5 mAh cm-2 and (c) at 
selected cycles for 0.25, 0.5 and 1.25 mAh cm-2 cycled capacities at 20 mA cm-2 and 
50 °C.  
 
This implies a side reaction that is dependent on the total charge (whether 
deposition or dissolution or both) and which degrades the cycling efficiency. In this 
context, the average cycling efficiency was reduced at higher charge because the 
degradation process has progressed further with each cycle, aggravating parasitic side 
reactions between freshly exposed/deposited Li and the electrolyte. However, no 




experiment and the SEM images suggest that this was a gradual process towards 
depletion rather than abrupt failure through passivation or disconnection of the 
deposit. As shown in Figure 5.11(c), for each cycled capacity, the overpotential also 
increased in the latter cycles, indicating the Li plating and stripping processes were 
becoming more difficult. This could possibly be due to the continuous accumulation 
of dead Li and/or thickening of the SEI as a result of the side reaction discussed 
above. The lower final deposition overpotential during excess Li deposition in turn 
leads to reduced stripping and plating overpotentials for the higher capacity 
experiments, suggesting that a less resistive/more porous SEI and/or larger surface 
area deposit was formed. 
Previously, Younesi et al. have also reported a decrease in coulombic 
efficiency with increasing capacity from 0.5 to 2 mAh cm-2 at 1 mA cm-2 current 
density in Li|Cu cells with 4 M LiFSI in DME electrolyte.191 This was ascribed to the 
incomplete SEI coverage at higher capacity leading to continuous reactions between 
the Li metal deposited on to the Cu substrate and the electrolyte. Therefore, the 
formation a stable SEI, even at higher charge capacities, is key to minimise such 
unfavourable reactions. As previously mentioned, Li morphology and SEI 
structure/composition can be altered by carefully tuning the substrate and electrolyte 
properties. Adams et al. have minimised the specific Li loss caused by reaction 
between the foreign substrate (i.e. Cu, Ni) and Li metal by plating and stripping Li at 
a higher areal capacity (6 mAh cm-2) prior to cycling.127 A similar approach was 
proposed by Yang et al. where they have first cycled Li|Cu cells between 0 and 1 V 
(vs Li+/Li) at 50 µA for 5 cycles to stabilize the SEI and condition the substrate 
surface prior to Li cycling.118 Further, they have incorporated a 3D Cu current 
collector with a submicron structure, which was shown to enhance the coulombic 
efficiency to 97% compared to that obtained with a planar Cu substrate (~80%). In 
addition, as previously mentioned, the introduction of an artificial SEI with beneficial 
properties led to enhanced cycling efficiencies and uniform Li morphologies.80,83 
Therefore, understanding the changes in SEI structure/composition and Li 
electrodeposits with increasing cycle capacity and thereby identifying an appropriate 
method to suppress the possible side reactions to enhance cycle-life at higher areal 






5.4.6 Evolution of Deposit Morphology during Cycling; Effect of Deposited 
Charge 
Figure 5.12 compares the Li deposits obtained after the excess Li deposition 
(Fig. 5.12a and b), 5th cycle stripping (Fig. 5.12c and d) and exhaustion of the excess 
deposit (Fig. 5.12e and f) at 20 mA cm-2 where Qex is 1 or 5 mAh cm-2 and Qps is 0.25 
or 1.25 mAh cm-2. In comparison to the 1 mAh cm-2 excess Li deposit (Fig. 5.12a), 
the high discharge capacity (5 mAh cm-2) led to a greater amount of Li deposit, as 
expected, but with a more porous structure (Fig. 5.12b). High porosity increases the 
active surface area for the Li plating and stripping reactions to occur, allowing the Li 
metal to strip from within the deposit. In this case, the porous structure formed 
initially seems to be sustained throughout high-capacity cycling, as evident when 
comparing Figure 5.12(d and f) to the structure obtained at low-capacity cycling (Fig. 
5.12c and e). Similar to Figure 5.9, some remnant deposit is present on the Ni 
substrate even after complete exhaustion of the excess Li deposit, at both 1 (Fig. 
5.12e) and 5 mAh cm-2 (Fig. 5.12f) at 20 mA cm-2. This suggests the formation of 
dead or electrochemically inactive Li during cycling. However, the SEM images 
show that more deposit remains on the substrate after cycling at 1.25 mAh cm-2 
compared to after cycling at 0.25 mAh cm-2. This is in agreement with the cycling 
data (Fig. 5.11), which suggested that the decrease in cycling efficiency at 0.5 or 1.25 
mAh cm-2 arose from the formation of more dead/inactive Li due to the exposure of 






Figure 5.12: SEM images of Li deposit after excess plated charge of (a) 1 and (b) 5 
mAh cm-2; after 5th cycle stripping at (c) 0.25 and (d) 1.25 mAh cm-2 cycled charge; 
and after exhaustion of excess deposit at (e) 0.25 and (f) 1.25 mAh cm-2 cycled charge 
on Ni substrate at 20 mA cm-2. 
 
Apart from some of the recent Li metal-electrolyte systems discussed throughout Part 
II, Table 5.1 also provides a detailed summary of more studies on Li cycling 
efficiency and morphology at various operating parameters, as well as the impacts of 





Table 5.1: Comparison and summary of literature reports on Li cycling efficiency and morphology based on various electrolyte systems, operating 


















Single Solvent Organic Electrolytes 











Li|Cu Celgard  
1.39 mAh cm-2 of Li 
was plated on to Cu and 
stripped once prior to 
excess Li deposition and 
subsequent cycling  
71 
 PC 76.5 
 DMC 23.6 
 EMC 7.3 
 VEC 97.6 
 FEC 98.2 
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Mixed Solvent Organic Electrolytes 
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at 25 °C. Both flat 
at 50°C 
1 M LiPF6 in 
EC:DMC 
(1:1)  







- VC:    40 
+ VC: <40 




Electrolyte is modified 
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- VC: 53 
+ VC: 95  
- VC: flat 
morphology 
+ VC: particulate 
Li|Ni 
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(1:1) 
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1 % LiNO3 
and 100 mM 
Li2S8 
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50 to 99 
 
Bare Cu: Mossy 
and thin Li 
filaments 
 
Li|C on Cu: 









- Additive to form a 
stable SEI on Li 
- Monolayer of 
interconnected 
amorphous hollow C 
nanospheres on Cu 
- Pre-condition the C 
coated Cu surface by 
cycling the electrode 10 
times between 0-2 V 
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cycles 
R.T.: dead Li 
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Flat surface, few 
isolated Li particles 
Li|NMC 
EC: ethylene carbonate, DMC: dimethyl carbonate, EMC: ethyl methyl carbonate, VEC: vinyl ethylene carbonate, FEC: fluoroethylene 
carbonate, VC: vinylene carbonate, THF: tetrahydrofuran, DOL: 1,2-dimethoxyethane, PP13: N-methyl-N-propylpiperidinium, PEGDE: 
poly(ethylene glycol) diglycidyl ether, DEBA: diglycidyl ether of bisphenol-A, DPPO: diamino-poly(propylene oxide), PVDF-HFP: 






Most of the studies reviewed in Table 5.1 have been performed at current densities 
below 1 mA cm-2 and further increment has often led to loss in coulombic efficiency 
and dendritic Li deposits. The maximum current density reported in 
superconcentrated organic electrolytes  was 10 mA cm-2, in the presence of a limited 
Li reservoir on a foreign substrate, and gave a 97% cycling efficiency.84 In contrast, 
an efficiency of 99.2% was reported in superconcentrated IL-based electrolyte using 
Li|Li symmetric cells.96 The maximum cycling efficiency achieved in the present 
study when using a polished Ni surface without further surface treatments is 96% 
and, as shown in Table 5.1, this is comparable with other studies performed with a 
foreign substrate. It should be acknowledged that further advancement is still required 
to achieve commercially comparable cycling efficiencies >99.9% as reported for 
conventional organic solvent or IL based electrolytes as also shown in Table 5.1. 
However, the substantial improvements in both the Li cycling efficiency and 
morphology reported in various electrolyte systems through appropriate surface 
treatments and/or conditioning methods (Table 5.1 and other examples provided in 
Part II) demonstrate the possibility to achieve that goal even at the 20 or 50 mA cm-2 
current densities reported in the present study, a critical development for the high-
rate performance of Li metal anodes. 
In summary, this study has shown that high rate Li metal cycling is not only 
achievable but also beneficial to enhance both coulombic efficiency and promote 
dendrite-free Li deposits, a key step towards realising practical Li metal batteries. 
Therefore, this work illustrates the ability of superconcentrated IL electrolytes to 






5.5 Negative Effect of Flow Conditions on Cycling Efficiency  
Following the higher nuclei density and uniform coverage achieved under 
stirring conditions, (Fig. 5.6j) as well as the highest cycling efficiency and dendrite-
free Li morphology obtained under static conditions (Fig.5.9), 20 mA cm-2 was 
selected to analyse the effects of dynamic conditions on Li cyclability. As mentioned 
before, to mimic the flowing environment, stirring was introduced. Figure 5.13(a) 
shows the effect of stirring speed on Li+/Li0 cyclability at 20 mA cm-2, where 300 
rpm resulted in the highest cycling efficiency (79%). Interestingly, the cycling 
efficiency obtained under stirring condition was lower than that under static 
conditions. As shown in Figure 5.13(b), this discrepancy in cycling efficiency could 
be partly due to the dendritic excess Li deposition morphology obtained under stirring 




Figure 5.13: (a) Voltage profiles at 100, 300 and 500 rpm stirring speeds and (b) SEM 
image of Li deposit after excess plated charge of 1 mAh cm-2 at 300 rpm using 3.2 
mol kg-1 LiFSI in [C3mpyr][FSI] electrolyte at 20 mA cm-2 current density and at 
50 °C. 
 
Therefore, to further understand the effects of both the excess Li deposit and 
subsequent cycling morphologies on cycling efficiency, Li was initially deposited 
under static conditions and then cycled under stirring (300 rpm) condition (and vice 
versa). The results are shown in Figure 5.14. In comparison to static-static mode (Fig. 
5.7d), the cycling efficiency significantly decreased with the introduction of stirring 
in either stage. For instance, an excess Li deposition with stirring, followed by static 




dendrite-free excess Li deposit, produced without stirring, and cycling the Li with 
stirring, resulted in a decrease in efficiency from 96 to 69%. This confirms that 
flow/stirring makes cycling less efficient; this effect may have many causes. (1) The 
excess deposit and subsequent cycling morphologies may play a crucial role in 
cycling efficiency, considering that stirring led to a dendritic morphology (Fig. 5.13b) 
compared to that obtained under static conditions (Fig. 5.9b). (2) The action of 
stirring may lead to continuous breaking and making of the SEI, resulting in far 
greater SEI thickening and more accumulation of ‘dead Li’, compared to the more 
stable SEI under static conditions. Therefore, understanding the SEI 




Figure 5.14: Voltage profiles with excess deposit under stirring or static conditions 
and subsequent cycling under static or stirring conditions at 300 rpm stirring speeds 
using 3.2 mol kg-1 LiFSI in [C3mpyr][FSI] electrolyte at 20 mA cm-2 current density 
and at 50 °C. 
 
This work illustrates that the Li+/Li0 redox couple is favourable under static 
conditions in terms of cyclability and morphology at very high current densities. As 
mentioned in the Literature review, researchers have proposed flowing cathode redox 
flow batteries where the Li anode is maintained in a static mode, and only the cathode 
redox couple flows.66,137 Therefore, it is possible to adopt a similar technology to pair 
the Li+/Li0 anodic redox couple in 3.2 mol kg-1 LiFSI in [C3mpyr][FSI] IL with an 
appropriate cathodic redox couple to progress towards a small scale, safe, high energy 





XPS and ToF-SIMS Analysis: The Effect of Current Density on 
Lithium SEI Composition in Superconcentrated Ionic Liquid 
Electrolyte  
 
In this study the Li electrodeposits created at a low (1 mA cm-2) and a high 
(20 mA cm-2) current density were analysed. As mentioned in Part I, in contrast to 
the electrodeposit obtained at 1 mA cm-2, the deposit obtained at 20 mA cm-2 was less 
dendritic, and covered more of the surface. The Li nuclei density was higher by a 
factor of 400, and the nuclei were less than 1% of the size of those obtained at 1 mA 
cm-2. As the Li electrodeposition progressed and continued into cycling, the 20 mA 
cm-2 Li deposit evolved into a uniform and dense structure with higher cycling 
efficiency (96±3%), whereas dendritic electrodeposits with poor cycling efficiency 
(64±3%) were evident at 1 mA cm-2. In addition, based on EIS, a relatively low 
electrode resistance was also observed at higher current density during cycling. Based 
on these results it was hypothesised that the formation of a stable SEI with favourable 
properties (e.g.: composition and structure) contributed, at least in part, to the 
superior performance at 20 mA cm-2.  
As discussed in Chapter 2, previous studies have investigated the composition 
of the SEI formed on Li metal from chemical reactions that occur between the 
[C3mpyr][FSI] IL electrolyte and Li following immersion in the IL electrolyte.97,98 In 
the presence of 0.5 mol kg-1 LiFSI it was shown that both IL cation and anion 
breakdown species such as LiF, LiOH, LiSO2F, propyl pyrrolidine, Li2CO3 (from 
native Li metal film) and Li2S were present on the surface.97 It has also been reported 
that the SEI formed on Li metal and that formed in-situ during Li electrodeposition 
on a foreign substrate are significantly different.100 However, the previous surface 
characterisation studies with [C3mpyr][FSI] IL have been limited to the Li metal 
substrate, in low concentration electrolytes and have not investigated the influence of 
operating parameters. 
The following section will focus on investigating the effect of current density 
on the SEI formed on Li electrodeposited onto a Ni substrate using the 
superconcentrated IL electrolyte, to understand the contribution of SEI 




three Li electrodeposits each created at a low (1 mA cm-2) and a high (20 mA cm-2) 
current density were analysed; (1) 0.05 mAh cm-2 nucleated surface, (2) 1 mAh cm-2 
excess Li deposit and (3) cycled Li surface, i.e. after the consumption of the excess 
Li deposit. 
 
5.6 Li Nucleated Surfaces: 1 and 20 mA cm-2 Deposition of 0.05 mAh 




Figure 5.15: Voltage profiles and SEM images of the 1 and 20 mA cm-2 nucleation 
surfaces used for surface analysis.  
 
5.6.1 Analysis of the Surface Composition using XPS  
Table 5.2 presents the atomic concentrations of Li, C, N, O, F and S derived 
from the survey spectra acquired after nucleation of 0.05 mAh cm-2 at 1 and 20 mA 
cm-2. Figure 5.16 shows the atomic concentrations determined from the 
corresponding region spectra of both sample surfaces. The high-resolution region 
spectra along with the detailed lists of peak positions, identified species and 
concentrations are presented in the Appendix (Tables 7.1 and 7.2, Figs. 7.3 and 7.4). 
The survey spectra showed dominant C 1s and O 1s atomic concentrations for both 
surfaces and other species were evident in smaller quantities. Both Li surfaces 
contained carbon species associated with C-N (286.2 eV) and aliphatic chain/ring 




possibly a carboxyl or ester carbon, was also found on the 20 mA cm-2 surface.100 N+ 
and N- associated species, corresponding to surface confined [C3mpyr]+ and [FSI]- 
(402.0 and 399.4 eV), were also present.98 A single component was evident for both 
F and O photoelectron lines at 1 mA cm-2, which was attributed to [FSI]-. The 20 mA 
cm-2 sample  showed additional F components, including small amounts of -SO2F 
(688.4 eV)98,99 and LiF (684.6 eV).98 The O 1s spectrum at 20 mA cm-2 also indicated 
the presence of -SO2F. Li+ was evident on both surfaces (Fig. 5.16e); the most 
commonly reported Li components are LiF, Li2O and LiOH at ca. 56, 54 and 55 eV, 
respectively.97,99,100 As shown in Appendix 7.3, the Li2O and LiOH peak positions 
are compatible with the O 1s peak position in the 1 mA cm-2 Li nucleation sample. 
At 20 mA cm-2, two Li components were evident: LiFSI and possibly LiF.  
Collectively, the survey spectra and the atomic concentrations in Figure 5.16 
showed a dominance of C 1s and O 1s species on both Li surfaces. As shown in 
Appendix Figure 7.5, these species are also present in higher concentrations in both 
the control sample (Ni substrate soaked in electrolyte and washed with DMC) and the 
Ni metal substrate, possibly from its exposure to ambient conditions prior to 
electrochemical studies. Considering the sparse surface coverage after nucleation at 
1 mA cm-2 (Fig. 5.2c) and the appearance of Ni substrate underneath the 20 mA cm-
2 nucleation surface, it is possible that the impurities in the substrate have partly 
contributed to the C 1s and O 1s content in the Li nucleated sample. F 1s, S 2s, N 1s 
and Li 1s were present in small quantities (Table 5.2) in both samples. The atomic 
concentrations in Figure 5.16 indicate that these species were confined IL where the 
electrolyte concentration ratio of 2:1:1 for [FSI]-:[C3mpyr]+:Li+ was maintained. 
However, in contrast to 1 mA cm-2, there was evidence for [FSI]- breakdown species 
(such as -SO2F) on the 20 mA cm-2 surface. 
 
Table 5.2: Atomic concentrations (%) obtained from survey spectra for Li nucleation 







Figure 5.16: Atomic concentration (%) summary determined from the region spectra 
of (a) C 1s, (b) N 1s, (c) F 1s, (d) O 1s, (e) Li 1s and (f) S 2s after 0.05 mAh cm-2 Li 
nucleation at 1 and 20 mA cm-2 current densities at 50 °C. (Estimated error for atomic 











5.6.2 Analysis of SEI Structure/Composition using ToF-SIMS Etching 
Figure 5.17 shows the ToF-SIMS depth profiles for the 1 and 20 mA cm-2 Li 
nucleation samples. For simplicity of data presentation, representative carbon 
fragments that show different distribution in all the analysed samples were plotted 
along with Li+ and Ni+. The carbon species plotted also resemble the IL cation 
([C3mpyr]+) in structure and size. Detailed lists of detected species are shown in 
Appendix Figure 7.6. As shown in Figure 5.17, Li+ species were present in both 
surfaces, possibly also as Li metal during the etching. [C3mpyr]+ breakdown products 
(C5H12N+, C5H10N+, C8H18N+ and C8H16N+) were detected on the Li surfaces at both 
current densities. At 1 mA cm-2 (Fig. 5.17a), these carbon species showed a relatively 
higher intensity compared to that of Li+ at the sample surface. This suggests the 
presence of a surface rich in carbon species. At 20 mA cm-2 (Fig. 5.17b), Li+ showed 
a dominant intensity. The C8H18N+ showed a relatively higher intensity (>×2) 
compared to those of the other carbon fragments. Its intensity was similar to that of 
Li+ at the beginning of the etching process. The presence of C8H18N+, which is 
comparable with [C3mpyr]+ mass, also suggests surface confined IL cation at both 




Figure 5.17: ToF-SIMS depth profiles for Li nucleated samples on Ni substrate at (a) 
1 mA cm-2 and (b) 20 mA cm-2 for 0.05 mAh cm-2 at 50 °C. The estimated sputter rate 
is 0.025 nm s-1. 
 
At 1 mA cm-2, the depth profile showed a dominance of carbon related species 
for the first 300 to 500 s (from 0 to 8 or 13 nm) whereas Li+ remained relatively 








200 to 300 s (5 to 8 nm) indicating ~8 nm deposit thickness. At 20 mA cm-2, Li+ 
showed a dominant intensity in the spectrum and remained relatively constant 
throughout the etching process. The intensity of the other detected species, decayed 
from ~2000 s (50 nm). The Ni+ species appeared and increased from ~2500 s (63 nm) 
indicating an approximately 60 nm deposit thickness. The increase in Ni+ intensity 
can be used as a marker to indicate exposure of the Ni metal substrate and to estimate 
the Li deposit thickness. However, the constant Li+ intensity throughout the etching 
process suggests that the Ni metal surface has not exposed during etching. This 
discrepancy was thought to arise from the presence of oxidised Ni+ in the Li surface 
film and also on the exposed Ni metal in between Li particles. XPS detected oxide 
species on the Ni metal surface, which was further confirmed by the NiO detected in 
ToF-SIMS analysis (Appendix Fig. 7.7). The Li+ ions may diffuse through the native 
NiO film during Li growth giving rise to a Ni+ signal within the surface film. This 
phenomenon was also seen in the other samples. Therefore, the increase in Ni+ 
intensity in the depth profiles presented does not necessarily reflect the removal of 





5.7 Excess Li deposit surfaces: 1 mAh cm-2 Electrodeposits at 1 and 




Figure 5.18: Voltage profiles and the SEM images of the 1 and 20 mA cm-2 excess Li 
deposits used for surface analysis. 
 
5.7.1 Analysis of the Surface Composition using XPS 
Table 5.3 summarises the atomic concentrations obtained from the survey 
spectrum for Li, C, N, O, F and S after Li electrodeposition at 1 and 20 mA cm-2 for 
1 mAh cm-2 (excess Li deposit). In comparison to the 1 mA cm-2 surface, the higher 
Li atomic concentration measured for the 20 mA cm-2 surface indicated the presence 
of larger amounts of Li+ cation (17.7 vs 4.7 at%).  Fluoride species were also evident 
on both Li surfaces. Figure 5.19 presents the atomic concentrations determined from 
the region spectra of 1 mAh cm-2 electrodeposits formed at 1 and 20 mA cm-2. The 
corresponding high-resolution region spectra and the detailed lists of chemical 
assignments are presented in the Appendix (Tables 7.3 and 7.4, Figs. 7.8 and 7.9). 
Both Li surfaces indicated the presence of carbon species associated with C-N and 
aliphatic chains/rings (C-C, C-H).97,99,100 Additional carbon components were also 
evident, however, at very low concentrations on the 1 mA cm-2 surface. As shown in 
Appendix Figure 7.8(a) the low intensity of their peaks at 290.5 and 291.2 eV made 




associated with CO32- have previously been assigned to 290.0 eV.100 At 20 mA cm-2, 
these additional components (assigned as C=O and C-F related species) were present 
in relatively higher concentrations (Fig. 5.19a). As shown in Appendix Figure 7.9, 
the C 1s peak at 291.1 eV (labelled 3) and the F 1s peak at 688.0 eV (labelled 3), 
which both appeared as new components on this surface, suggest that these peaks are 
due to C-F bond. Both Li surfaces showed N+ and N- associated species (Fig. 5.19b), 
[C3mpyr]+ and [FSI]- (403.3 and 400.6 eV).98 LiF (685.9 eV)97 was also present in 
both 1 and 20 mA cm-2 Li surfaces (Fig. 5.19c). It was also evident in the Li 1s spectra 
(LiF - 56.3 eV)98–100 along with a species of unknown origin, possibly LiFSI (57.1 
eV). The C-O and C=O species present in Figure 5.19(d) can possibly be attributed 
to ester and carboxyl groups.198,199 
The survey spectra and the atomic concentrations in Figure 5.19 showed a 
dominance of C 1s and O 1s species on both Li surfaces. As previously mentioned, 
the surface contaminants on the Ni substrate may have partly contributed to the 
observed C 1s and O 1s concentrations. In comparison to 1 mA cm-2, a substantial 
amount of Li+ species were detected on the 20 mA cm-2 surface film indicating a 
comparatively Li+ rich surface. The F 1s, S 2s, N 1s and Li 1s were also present in 
small quantities (Table 5.3). The atomic concentrations in Figure 5.19 indicated these 
species are confined IL where a 2:1:1 ratio for [FSI]-:[C3mpyr]+:Li+ was maintained 
on the 1 mA cm-2 surface. In contrast, the 20 mA cm-2 surface exhibited a higher ratio 
(1:9) for [C3mpyr]+:[FSI]- (Fig. 5.19b), indicating the presence of a relatively high 
amount of [FSI]- on the Li surface. This was also reflected by the presence of a large 
Li+ fraction with [FSI]- related species in Figure 5.19(e). As shown in Figure 5.19(c), 
[FSI]- breakdown species such as LiF, -SO2F and C-F were present on both 1 and 20 
mA cm-2 Li surfaces.  
 
Table 5.3: Atomic concentrations (%) obtained from survey spectra for excess Li 








Figure 5.19: Atomic concentration (%) summary determined from the region spectra 
of (a) C 1s, (b) N 1s, (c) F 1s, (d) O 1s, (e) Li 1s and (f) S 2s after Li deposition of 1 
mAh cm-2 (‘excess Li deposit’) at 1 and 20 mA cm-2 at 50 °C. (Estimated error for 












5.7.2 Analysis of SEI Structure/Composition using ToF-SIMS Etching 
Figure 5.20 shows the positive and negative polarity depth profiles for 1 mAh 
cm-2 electrodeposits created at 1 and 20 mA cm-2. The detailed lists of detected 
species are shown in Appendix Figure 7.10. As shown in Figure 5.20(a) and (c), Li+ 
was detected, possibly also as Li metal during the etching. [C3mpyr]+ related products 
(C5H12N+, C5H10N+, C8H18N+ and C8H16N+) were also detected on both Li surfaces, 
however, at very low intensity in the 20 mA cm-2 sample. At 1 mA cm-2, the C8H18N+ 
or [C3mpyr]+ showed a relatively higher intensity compared to that of Li+. As the 
etching progressed, the intensities of all the carbon species on the 1 mA cm-2 Li 
surface increased subsequently with Li+ and the C5H10N+ increased to a higher 
intensity than Li+. Other carbon species (C5H12N+ and C8H16N+) also showed a 
similar trend but at a similar or relatively lower intensity compared to Li+. Figure 
5.20(b) and (d) show the negative polarity depth profiles for excess Li deposits at 1 
and 20 mA cm-2. The relatively similar intensities for O-, F- and S- on the 1 mA cm-2 
surface indicates that these signals are most likely from [FSI]-. At 20 mA cm-2, the O-
, F- and S- related species showed a higher intensity closer to the sample surface. As 
evident from the XPS analysis various species including LiF, [FSI]- and C-O related 
species may have contributed to these intensities.  
The intensity of carbon related species present on the 1 mA cm-2 excess Li 
deposit surface peaked and then decayed from ~50 s (0.4 nm). In comparison, these 
species appeared to be almost absent in the 20 mA cm-2 surface until 100 s (~3 nm). 
Their intensity slightly increased afterwards.  At 1 mA cm-2, the Li+ showed an initial 
increase in intensity during 1st 20 s (~0.2 nm) and remained relatively constant 
throughout the etching process. Its intensity became dominant after 85 s (~0.7 nm). 
In contrast, the Li+ intensity increased rapidly for the 20 mA cm-2 sample surface and 
remained constant throughout etching as the species with dominant intensity. The Ni+ 
species intensity in the 1 mA cm-2 sample increased during the 1st 20 s (0.2 nm) then 
decreased before increasing again after ~175 s (1.4 nm). In the 20 mA cm-2 sample, 
the Ni+ species intensity began to increase after ~200 s (~5 nm). In the negative 
polarity depth profiles of both Li surfaces, the O-, F- and S- related species intensities 
increased with etching for the first 50 s (~11 and ~5 nm for 1 and 20 mA cm-2 
surfaces, respectively) and remained constant afterwards. The Ni species on the 1 mA 
cm-2 Li surface appeared and increased up to 200 s (~40 nm) whereas for the 20 mA 
cm-2 Li surface, the Ni species remained at a low intensity throughout the etching 






Figure 5.20: ToF-SIMS depth profiles for 1 mAh cm-2 electrodeposits on Ni substrate 
at 50 °C; (a) positive polarity at 1 mA cm-2, (b) negative polarity at 1 mA cm-2, (c) 
positive polarity at 20 mA cm-2 and (d) negative polarity at 20 mA cm-2. The estimated 
sputter rates are: (a) 0.007895 nm s-1, (b) 0.2090 nm s-1, (c) 0.025 nm s-1 and (d) 












5.8 Failed Surfaces (‘after cycling’): After Consumption of 1 mAh 




Figure 5.21: Voltage profiles and SEM images of the 1 and 20 mA cm-2 Li surfaces 
analysed after the consumption of excess Li deposit (after cycling). The asterisk 
marks indicate the point at which the Li samples were analysed after cycling. The 
circles highlight the dendritic structures obtained. 
 
5.8.1 Analysis of the Surface Composition using XPS 
Table 5.4 summarises the atomic concentrations derived from the survey 
spectra for Li, C, N, O, F and S after cycling at 1 and 20 mA cm-2. Figure 5.22 presents 
the atomic concentrations determined from the region spectra of cycled Li surfaces. 
The corresponding high-resolution region spectra and the detailed lists of chemical 
assignments are presented in the Appendix (Tables 7.5 and 7.6, Figs. 7.11 and 7.12). 
After cycling, only 2 carbon components related to aliphatic chains/rings (C-C, C-H: 
285.4 eV) and C-N of [C3mpyr]+ (287.2 eV)97,99,100 were evident in the 1 mA cm-2 Li 
surface, whereas 5 carbon species associated with C-N (287.6 eV), aliphatic 
chains/rings (C-C, C-H: 285.5 and 286.2 eV), possible C-F (291.1 eV) and 
carboxyl/ester (290.5 eV) were detected in the high current density surface.97, 99,100,200 




and 400.6 eV),98 were evident on both surfaces. LiF (685.8 eV)100 was also present 
after cycling at both current densities (Fig. 5.22c). In addition, -SO2F (688.4 eV) at 1 
mA cm-2 and [FSI]- (688.9 eV) and species associated with C-F (687.8 eV) were 
evident on the 20 mA cm-2 surface.100 As shown in Figure 5.22(d), a single oxygen 
component, which was attributed -SO2F,97 was present after cycling at 1 mA cm-2. 
However, 3 oxygen components were evident in the 20 mA cm-2 surface; [FSI]- 
(532.6 eV), and species associated with C-O (533.2 eV) and C=O (534.0 eV).198,199 
Similar to previous samples, the survey spectra and the atomic concentrations 
in Figure 5.22 showed a dominance of C 1s and O 1s species on both cycled surfaces. 
In comparison to the 1 mA cm-2 surface, Li 1s was a major component of the 20 mA 
cm-2 cycled surface with a large portion of [FSI]- (Fig. 5.22b and c) and IL anion 
breakdown species such as LiF (Fig. 5.22c). The higher amount of Li and [FSI]- 
related species present on the 20 mA cm-2 surface was further evident from the higher 
[C3mpyr]+:[FSI]- ratio (1:8) in Figure 5.22(b). The [C3mpyr]+ and [FSI]- in Figure 
5.22(b) also reflects the presence of surface confined IL electrolyte species in both 
surfaces. As shown in Figure 5.22(c), [FSI]- related breakdown products (e.g: LiF, -
SO2F) were evident on both cycled surfaces.  
 
Table 5.4: Atomic concentrations (%) from survey spectra of Li surfaces after 
consumption of 1 mAh cm-2 excess Li electrodeposit (after cycling) at 1 and 20 mA 








Figure 5.22: Atomic concentration (%) summary determined from the region spectra 
of (a) C 1s, (b) N 1s, (c) F 1s, (d) O 1s, (e) Li 1s and (f) S 2s after consumption of 1 
mAh cm-2 excess Li electrodeposit (after cycling) at 1 and 20 mA cm-2 current density 












5.8.2 Analysis of SEI Structure/Composition using ToF-SIMS Etching 
Figure 5.23 shows the positive and negative polarity depth profiles for cycled 
Li electrodeposits at 1 and 20 mA cm-2. All of the species detected are shown in 
Appendix Figure 7.13. As shown in Figure 5.23(a) and (c), Li+ was present in both 
samples. [C3mpyr]+ (or C8H18N+) and related species (C5H12N+, C5H10N+, and 
C8H16N+) were also present. The latter carbon species showed a relatively lower 
intensity compared to [C3mpyr]+ (or C8H18N+) in the 1 mA cm-2 cycled surface. 
Although the carbon species intensity increased with etching, the Li+ intensity for the 
1 mA cm-2 sample was higher than that of the carbon species. For the 20 mA cm-2 
cycled surface, the carbon fragment intensities increased immediately at the Li 
surface and decreased as the etching progressed. However, the Li+ intensity on the 
20 mA cm-2 surface was relatively low compared to the carbon species, but remained 
constant throughout etching (Fig. 5.23c). The negative depth profiles of both cycled 
surfaces (Fig. 5.23b and d) showed an immediate increase in F-, S- and O- species 
intensities. In contrast to the 1 mA cm-2 surface, the S- and O- intensities on the 20 mA 
cm-2 surface peaked and then decayed whereas the F- intensity remained constant.  
Initially, the carbon related species at 1 mA cm-2 showed a very low intensity 
and increased to a maximum by ~50 s (1 nm). On the 20 mA cm-2 surface, the carbon 
related species showed a dominant intensity until ~1000 s (25 nm) and decreased 
afterwards. The Li+ intensity remained relatively constant in both surfaces throughout 
the etching. It was the highest species intensity seen on the 1 mA cm-2 surface. For 
the 20 mA cm-2 surface (Fig. 5.23c), Li+ intensity did not become dominant until after 
1200 s (30 nm). The Ni+ species intensity on the 1 mA cm-2 surface increased initially 
and plateaued after 50 s (~1.3 nm). However, it increased again after 125 s (~3 nm). 
On the 20 mA cm-2 surface, the Ni+ species showed an increase in intensity until ~50 s 
(~1.3 nm) after which it decreased until ~1000 s (~25 nm) before increasing again. 
As shown in Figure 5.23(b), O- species showed a higher intensity until ~100 s (10 
nm) on the 1 mA cm-2 surface. The F- and S- species intensities increased until ~100 s 
(10 nm) and remained at a similar intensity to that of O- species. On the 20 mA cm-2 
surface (Fig. 5.23d), the intensity of the negative SIMS species related to F-, S- and 
O- increased until ~100 s (10 nm). Then the O and S related species intensity rapidly 
decreased, S dropping to the lowest value (half that of O), whereas the F- remained 
relatively constant with a dominant intensity. The Ni species intensity increased after 
~300 s (~30 nm) on the 1 mA cm-2 surface, whereas it appeared and increased after 






Figure 5.23: ToF-SIMS depth profiles for samples after the consumption of 1 mAh 
cm-2 excess Li electrodeposit (after cycling) at 1 and 20 mA cm-2 current density at 
50 °C; (a) positive polarity - 1 mA cm-2, (b) negative polarity - 1 mA cm-2, (c) positive 
polarity - 20 mA cm-2 and (d) negative polarity -20 mA cm-2. The estimated sputter 
rates are: (a, c) 0.025 nm s-1 and (b, d) 0.1045 nm s-1. 
 
5.9 Discussion 
All of the analysed Li surfaces, from nucleation to after cycling at 1 and 20 
mA cm-2 current densities, showed a majority of C and O related species. As 
previously mentioned, it is likely that the impurities present in the Ni substrate partly 
contributed to these concentrations. However, the magnitude of the contribution from 
Ni surface will vary depending on the surface coverage of Li, resulting in a higher 
proportion of these species on the Li nucleation samples, where the bare Ni surface 
was still visible (Fig. 5.2). As discussed later, clear differences were detected for the 
C 1s concentration with continuous Li deposition and cycling at 1 and 20 mA cm-2. 
All samples showed the presence of surface confined IL cations and anions, 
(a) ~5 nm (b) ~60 nm




suggesting a thin coating of superconcentrated electrolyte on the Li surface and 
within the SEI. Li+ species were also detected in all surfaces, however, Li0 (52.5 
eV)100 was not evident in the Li 1s region spectra (Appendix Figs. 7.3, 7.4, 7.8, 7.9, 
7.11 and 7.12). Similar results were also reported by Girard et al. for Li surfaces 
cycled in the superconcentrated [P111i4][FSI] IL system.99 The typical sampling depth 
of the photoelectron line is 5-10 nm,201 and hence it was suggested that the SEI 
thickness masked the photoelectron ejection from the Li metal surface underneath. 
The Ni+ species were also evident for all Li samples during the ToF-SIMS 
etching process, however, before reaching the metal substrate. As previously 
mentioned, this was attributed to the Ni+ ion migration to the Li deposit during Li 
plating/stripping. In addition, the roughness of the analysed sample surfaces is 
another possible contributor as it can lead to non-uniform sputtering. As shown in 
Figure 5.20(a), these causes most likely originated the fluctuation of Ni+ intensity 
during the etching process as well. In addition to these matters, as mentioned in 
Chapter 3, it should also be noted that some of the peaks in the S region spectra could 
not be identified due to the lack of literature on S 2s peaks.  
In previous studies, similar surface characterisation techniques have been 
used to determine the thickness of the SEI formed on Li metal with conventional 
organic electrolytes, and reported to be in the range of 10-100 nm.202–204 Agreeing 
with the literature, the depth profiles obtained for the samples studied here also 
indicated a SEI thickness in the range of 10-80 nm. Based on the surface 
characterisation results obtained for Li nucleation, excess deposit and after cycling 






5.9.1 Li Nucleated Surfaces: 1 and 20 mA cm-2 Deposition of 0.05 mAh cm-2 (180 
vs 9 seconds) 
XPS analysis showed minimal evidence for IL cation or anion breakdown 
products after nucleation at 1 mA cm-2. For instance, the C 1s spectrum showed 
similar species to that of the control sample, (Appendix Figs. 7.3a and 7.5b) differing 
slightly in quantities suggesting the absence of new species after nucleation. 
Likewise, the similarity of the O 1s peak position and intensity to that of the control 
sample suggested that new O phases were not formed after nucleation (Fig. 5.24). No 
evidence of anion breakdown products was found in the F 1s and N 1s region spectra. 
In contrast, the Li nucleated surface at 20 mA cm-2 showed clear evidence for both 
IL cation and anion breakdown products such as species associated with C=O carbon 
(possibly carboxyl or ester), -SO2F (F 1s and O 1s) and very small amount of LiF. A 
previous molecular dynamics simulation study of the Li-[C3mpyr][FSI] system has 
suggested the formation of -SO2F as a degradation product, and the XPS analysis has 




Figure 5.24: Comparison of O 1s XPS region spectra for (a) control sample (Ni 
surface soaked in electrolyte and washed with DMC) and (b) Li nucleated surface at 
1 mA cm-2. Electrolyte = 3.2 mol kg-1 LiFSI in [C3mpyr][FSI],  T= 50 °C. 
 
Both of the Li nucleated surfaces showed a [FSI]- concentration 
approximately double that of [C3mpyr]+ (Fig. 5.16b) indicating the presence of 
another cation, i.e. Li+ as LiFSI corresponding to the composition of the electrolyte. 




IL cations. In addition, [C3mpyr]+ related breakdown species were also evident on 
both surfaces, however, at a higher intensity in the 1 mA cm-2 sample indicating a 
surface relatively rich in organic carbon species. Although the negative polarity depth 
profiles could not be collected due to instrument malfunction, XPS analysis indicated 
the presence of the [FSI]- breakdown species, mainly -SO2F, on the 20 mA cm-2 Li 
surface.  
In summary, apart from a thin coating of superconcentrated IL electrolyte, 
only IL cation breakdown products were evident on the 1 mA cm-2 surface whereas 
the 20 mA cm-2 surface showed both IL cation and anion breakdown products. 
However, an organic carbon species rich SEI was apparent for the 1 mA cm-2 
nucleation surface and in contrast to the 1 mA cm-2 surface, the IL cation breakdown 
products on the 20 mA cm-2 showed approximately 5 times lower intensity than Li+. 
In addition, XPS analysis also showed the presence of LiF from [FSI]- breakdown at 
20 mA cm-2 (Fig. 5.25). However, as the difference in LiF concentration between the 
two Li surfaces falls within the estimated error for atomic concentrations from region 
spectra fitting (10%), it is difficult to establish its contribution to the SEI properties 




Figure 5.25: Comparison of F 1s XPS region spectra for Li nucleation surface at (a) 




5.9.2 Excess Li deposit surfaces: 1 mAh cm-2 Electrodeposits at 1 and 20 mA cm-
-2 (3600 vs 180 seconds) 
XPS analysis showed evidence for both IL cation and anion breakdown 
products on the 1 mAh cm-2 Li electrodeposits generated at 1 and 20 mA cm-2. For 
instance, the presence of additional carbon components such as species associated 
with C-F and C=O (Fig. 5.19a) indicated pyrrolidinium cation breakdown. The F and 
O components present in Figure 5.19(c) and (d), such as LiF, -SO2F, C-F and various 
C-O species, indicated [FSI]- breakdown. At 1 mA cm-2 however, [FSI]- breakdown 
products were not evident in the early nucleation stage (Fig. 5.16). Similar to the 
nucleation surfaces, the 1 mAh cm-2 electrodeposits also showed the presence of 
confined IL cations and anions on the Li surfaces (Fig. 5.19b). However, compared 
to the 1 mA cm-2 sample, the 20 mA cm-2 surface showed approximately 9 times 
higher [FSI]- concentration relative to [C3mpyr]+, indicating the dominance of Li+ 
and [FSI]- related species. Therefore, it is also possible for LiFSI to be the origin for 
the peak at 57.1 eV in Li 1s region spectrum (Appendix Figs. 7.8c and 7.9c).  
ToF-SIMS analysis confirmed the presence of IL cations and anions on both 
Li surfaces. Similar to the Li nucleation surface at 1 mA cm-2, the excess Li deposit 
also showed a higher intensity for organic carbon species on the sample surface (~0.4 
nm). In contrast, the excess Li deposit created at 20 mA cm-2 showed a higher 
intensity for Li+ (×2) compared to organic carbon species. A similar trend was 
obtained for the Li nucleation surface prepared at 20 mA cm-2. The carbon fragments 
in the excess Li deposit showed almost zero intensity at the sample surface (until ~4 
nm) suggesting an organic carbon species deficient Li surface film formed at 20 mA 
cm-2. Therefore, relative to the 20 mA cm-2 surface, ToF-SIMS analysis indicated a 
carbon species rich Li surface formed at 1 mA cm-2. The survey spectra from XPS 
analysis (Table 5.3) also showed approximately 1.5 times higher C 1s concentration 
at 1 mA cm-2 (45 vs 29 at%) confirming the presence of an excess amount of carbon 
based species in the 1 mA cm-2 Li surface film (Fig. 5.20a) compared to that of at 20 
mA cm-2 (Fig. 5.20c).  
The negative polarity depth profile corresponding to 20 mA cm-2 excess Li 
deposit (Fig. 5.20d) showed a higher intensity for F-, S- and O- at a similar depth (~0 
to 5 nm) where almost zero intensity was obtained for organic carbon fragments (~4 
nm). This suggests the presence of F, S and O related species in the film formed at 
20 mA cm-2. XPS analysis indicated the LiF, LiFSI and C=O or C-O related species, 




the C=O/C-O concentration on the 20 mA cm-2 excess Li deposit surface was half 
that of 1 mA cm-2 surface (Fig. 5.19d), and the Li+ and [FSI]- related species such as 
LiF showed a relatively higher concentration, as discussed next. 
In comparison to the 1 mA cm-2 sample, as the Li deposition progressed from 
the nucleation (0.05 mAh cm-2) to the excess deposition stage (1 mAh cm-2), 25 times 
higher LiF concentration was obtained for the 20 mA cm-2 sample. This indicates a 
greater amount of [FSI]- reduction at 20 mA cm-2 leading to a higher LiF 
concentration (×2.5) in the excess Li deposit SEI. ToF-SIMS maps and the F 1s 
region spectra acquired for both excess Li deposit surfaces are shown Figure 5.26, 
which indicates a higher content and more uniform distribution of F- on the 20 mA 
cm-2 surface. As suggested by the ToF-SIMS depth profile (Fig. 5.20d), the F-, O- and 
S- species rich surface film at formed 20 mA cm-2 was composed of Li+ and [FSI]- 
related species such as LiF. In contrast, XPS and ToF-SIMS indicate that the surface 
film formed at low current density is mainly composed of organic carbon species. 
Previous studies have revealed that the presence of LiF, which has a high surfcae 
diffusivity for Li+ ions,83 is more effective in stabilizing the SEI, suppressing the 
dendritic growth and thus enhancing the Li cycling efficiency.83,115,116 Organic carbon 
species are reported to significantly decrease the Li+ ion transport leading to site 
specific Li deposition, dendritic Li nucleation and growth as well as poor cycling 
efficiency.205 Therefore, as shown in Figure 5.8(a), 5.9 and 5.10(b), the higher cycling 
efficiency (96% vs 64%), dendrite-free Li morphology and low electrode resistance 
obtained at 20 mA cm-2 were, at least in part, due to the favourable properties of the 







Figure 5.26: The F 1s region spectra and F- anion ToF-SIMS maps from excess Li 
deposits formed at (a,c) 1 mA cm-2 and (b,d) 20 mA cm-2 at 50 °C. 
 
 
5.9.3 Failed Surfaces (‘after cycling’): After Consumption of 1 mAh cm-2 
Electrodeposit at 1 and 20 mA cm-2 (7 vs 100 cycles) 
XPS analysis showed the presence of IL cations and anions on both cycled 
surfaces. In comparison to the nucleation and excess Li deposition surfaces prepared 
at 1 mA cm-2, the components in the N 1s region spectrum of the failed surface (Fig. 
5.22b) showed an approximately 3 times higher [FSI]- concentration compared to that 
of [C3mpyr]+ indicating the presence of more [FSI]- related species. Further, there 
was evidence of IL anion breakdown products such as LiF and -SO2F. However, in 
comparison to the excess Li deposit surface film, the LiF concentration had decreased 
by half (1 to 0.4 at%) after cycling. This was also reflected by the decrease in Li+ 
concentration (4.7 to 1.3 at%) in the corresponding survey spectra (Tables 5.3 and 
5.4). Further, the additional carbon components observed in the 1 mA cm-2 excess Li 
deposit surface film at 285.8, 290.5 and 291.2 eV (Fig. 5.27b) were absent in the 




components after continuous cycling suggests breakdown of the SEI formed on the 1 
mA cm-2 excess Li deposit. Fractures in the SEI can lead to continuous reactions 
between the fresh Li and electrolyte resulting in a thicker SEI and an increase in the 
electrode impedance due to Li-ion diffusion limitations.60 This correlates with the 
EIS results obtained for the Li surface film after cycling at 1 mA cm-2 (Fig. 5.10c), 
which showed a high electrode resistance. 
In comparison to the surface cycled at 1 mA cm-2, minimal changes were 
evident between the 20 mA cm-2 excess Li deposit and failed surfaces. For instance, 
a similar concentration ratio was obtained for [C3mpyr]+:[FSI]- (1:8 vs 1:9) for the 20 
mA cm-2 surfaces. The IL cation and anion breakdown products, such as LiF, C-F 
and carboxyl/ester carbon species, were also evident after cycling at 20 mA cm-2 (Fig. 
5.27d). However, the similarity of the C 1s peak positions and intensities of the 1 
mAh cm-2 electrodeposit (excess Li deposit, Fig. 5.27c) and failed samples (after 
cycle - Fig. 5.27f) indicated the absence of new phases and thus the stability of IL 
cation during cycling. LiF also showed a similar concentration (2.5 at%) to that of 
the 1 mAh cm-2 deposit surface (3.3 at%). These similarities in the Li surface before 








Figure 5.27: (a) C atomic concentration (%) summary determined from the region 
spectra of C 1s after Li deposition for 1 mAh cm-2 (‘excess Li deposit’) at (b) 1 mA 
cm-2 and (c) 20 mA cm-2 current densities. (d) C atomic concentration (%) summary 
determined from the region spectra of C 1s after consumption of 1 mAh cm-2 excess 
Li electrodeposit (after cycling) at (e) 1 mA cm-2 and (f) 20 mA cm-2 current density. 
Electrolyte = 3.2 mol kg-1 LiFSI in [C3mpyr][FSI],  T= 50 °C. 
 
ToF-SIMS analysis also indicated the presence of IL cations and anions on 
both cycled surfaces at 1 and 20 mA cm-2. However, the positive polarity depth 
profile collected after cycling at 1 mA cm-2 was significantly different from the 
corresponding nucleation and excess Li deposit surfaces, with the organic carbon 
fragments showing a higher intensity than that of Li+ i.e., the Li+ and carbon species 
intensity trends were reversed after cycling. Despite the lower intensity of carbon 
species in the depth profile, the relatively high C-C and C-H species concentration 
obtained from the XPS analysis after cycling suggests that these carbon fragments 
were present in large amounts. In the corresponding negative polarity depth profile, 




which is in agreement with the excess [FSI]- and -SO2F concentrations detected in 
the N 1s and O 1s region spectra. In addition, other species such as LiF present in 
small quantities may have also contributed to the F- profile. Similar to the cycled 
surface at 1 mA cm-2, significant differences were also evident in ToF-SIMS depth 
profiles after cycling at 20 mA cm-2. These showed a rapid increase in both ‘cation’ 
and ‘anion’ intensity at the Li surface indicating a ‘cation’ and ‘anion’ rich surface 
film. Although these ‘cation and anion’ species intensities fall rapidly afterwards, the 
F- showed a constant intensity throughout etching suggesting a uniform distribution 
of F- species (e.g: LiF from F 1s in Fig. 5.22c).  
In summary, the 1 mA cm-2 surface exhibited an altered Li surface film after 
cycling in terms of composition and concentration. For instance, the C, F and Li 
components showed a decrease in Li+ and LiF concentrations (by half) and an absence 
of the carbon species that were initially present, reflecting the significant differences 
in SEI before and after the consumption of the excess Li deposit. These abrupt 
changes suggested that failure in this case was related to instability of the SEI formed 
at 1 mA cm-2. This corresponds with the dendritic Li morphology (Fig. 5.9) and the 
relatively high electrode resistance (Fig. 5.10c) obtained for the 1 mA cm-2 sample. 
In contrast, at 20 mA cm-2, the relatively similar carbon species concentrations, peak 
positions and intensities before and after cycling suggested insignificant changes in 
the carbon related species during cycling. In addition, LiF and Li+ also showed similar 
concentrations during the cycling period. These minimal changes suggested the 
formation of a relatively stable SEI at 20 mA cm-2, corresponding with the dendrite 
free Li morphologies shown in Figure 5.9. As shown in Figure 5.10(c), the low 
electrode resistance obtained at 20 mA cm-2 is also most likely due to the presence of 
a relatively more conductive surface film with higher LiF (×8) and less C species 
(half) compared to the 1 mA cm-2 surface. Overall, this suggests that the failure of 
the 20 mA cm-2 experiment was due to other factors, rather than progressive changes 






5.10 Summary of All Analysed Surfaces 
In conclusion, all of the Li surfaces showed evidence for surface confined IL 
cations and anions, suggesting the presence of a thin coating of superconcentrated 
electrolyte on the electrodeposit surface. However, significant differences were also 
evident between the 1 and 20 mA cm-2 Li surfaces; 
Nucleation Surfaces: 
 Both surfaces showed evidence for [C3mpyr]+ related breakdown species 
whereas [FSI]- breakdown species such as -SO2F and a small amount of LiF 
were only evident at high current density. 
 ToF-SIMS depth profiles showed an organic carbon species rich surface at 1 
mA cm-2 whereas very low intensity of IL cation breakdown products were 
found at 20 mA cm-2.   
As Li deposition progressed from 0.05 to 1 mAh cm-2 (excess Li deposit): 
 [C3mpyr]+ and [FSI]- breakdown products were present on Li surfaces at both 
current densities, however in significantly different quantities.  
 The 20 mA cm-2 Li surface showed a 2.5 times higher LiF concentration 
compared to 1 mA cm-2. 
 The 1 mA cm-2 Li surface showed an approximately 1.5 times higher C 1s 
concentration compared to that at 20 mA cm-2 (45 vs 29 at%). 
 In agreement with the XPS analysis, ToF-SIMS depth profiles also showed 
an organic carbon species rich surface for 1 mA cm-2 whereas such species 
were deficient on the 20 mA cm-2 surface. 
 The excess Li deposit created at 20 mA cm-2 also showed a higher intensity 
for Li+ (×2) compared to organic carbon species.  
A greater amount of IL anion reduction at 20 mA cm-2 — It is possible for this 
difference in the [FSI]- reduction to arise, at least in part, due to the effect of current 
density on IL layering at the electrode surface. As previously mentioned, the MD 
simulations have shown the existence of alternate layers of [C4mpyr][dca] IL cations 
and anions closer to the negative electrode surface,102 as well as the dependency of 
ion orientation and structuring on various experimental parameters including the 
applied potential, electric field and surface charge that may ultimately affect the ion 
layering behaviour.102, 183,206 If the very high current densities such as 20 mA cm-2 




to influence [FSI]- reduction (due to the existence of alternate layers) leading to 
higher amount of anion breakdown products.  
After cycling: 
 Significant changes in SEI composition and species concentration before and 
after cycling at 1 mA cm-2 — decrease in Li+ and LiF concentrations (by half) 
and absence of initially present carbon species; unstable SEI. 
 Similar SEI composition and species concentration before and after cycling 






Summary and Concluding Remarks 
The Li nucleation process, cyclability and morphology of Li at very high 
current densities, up to a working maximum of 50 mA cm-2, have been investigated 
in a superconcentrated pyrrolidinium IL for the first time. The nucleation study 
revealed that with increasing current density to 20 mA cm-2, the early Li deposition 
is more uniform and less dendritic with better coverage compared to that at lower 
current densities. This was suggested to be due to possible changes in 
electrodeposition mechanism and ion-diffusion properties induced by more negative 
Li+ reduction potential, high nucleation rate, possible changes in speciation, ion 
orientation and distribution at 20 mA cm-2.152, 179,183  In agreement with the nucleation 
study, it was also found that the 3.2 mol kg-1 superconcentrated electrolyte system is 
capable of successfully operating at high current densities, sustaining 20 mA cm-2 
with a maximum cycling efficiency of 96±3% and overpotentials as low as ±0.2 V. 
The maximum current density tested in this electrolyte system was limited to 50 mA 
cm-2 resulting in 86±3% cycling efficiency and ±0.5 V overpotential. This indicates 
that the high concentration LiFSI in [C3mpyr][FSI] electrolyte supports very large 
polarisations at the Li electrode without apparent detriment to the coulombic 
efficiency, a key requirement to achieve safe and reliable high rate Li metal devices. 
The SEM and EIS results suggest that the successful performance of the electrolyte 
at high current density is partly due to the formation of a SEI with favourable 
properties (i.e. low electrode resistance) and dense deposit with porous dendrite free 
structure.  
XPS analysis and ToF-SIMS depth profiles of Li nucleation, excess deposit 
and cycled surfaces at 1 and 20 mA cm-2 also indicate significant differences in the 
SEI composition and structure that may have contributed to the superior performance 
at 20 mA cm-2. For instance, a 2.5 times higher LiF concentration was evident on the 
excess Li deposit created at 20 mA cm-2 suggesting a higher amount of [FSI]- 
reduction. Further, in comparison to 1 mA cm-2, the higher current density Li surface 
also showed 1.5 times lower carbon species concentration. ToF-SIMS depth profiles 
also suggested a Li surface film rich in LiF and [FSI]- related species for the 20 mA 
cm-2 sample and an organic carbon species rich surface film for the 1 mA cm-2 
surface. Further, in comparison to 1 mA cm-2, the SEI formed at 20 mA cm-2 current 
density showed fewer changes in SEI composition and species concentration during 




where LiF has been reported to be effective for SEI stabilization, whereas the 
presence of organic carbon species has led to poor Li+ transport resulting in dendritic 
Li growth and poor Li cycling.83, 115,116,205 Therefore, the higher cycling efficiency 
(96% vs 64%), dendrite-free Li morphology and low electrode resistance obtained at 
20 mA cm-2, at least in part, can be attributed to the favourable Li surface film 
properties obtained at higher currents. 
Interestingly, with increasing cycling capacity the cycling efficiency 
decreased while maintaining a similar total duration of cycling at all capacities. This 
is believed to arise from a side reaction between fresh Li and electrolyte continuously 
producing dead Li and/or thickening or densification of the SEI. Further, with the 
application of this electrolyte system under dynamic conditions the cycling efficiency 
decreased from 96 to 79% at 20 mA cm-2, despite its dendrite free early Li nucleation 
morphology. This appeared to arise from dendritic bulk Li deposition morphology 
and/or dominant SEI thickening and dead Li accumulation under stirring conditions.  
In conclusion, this study shows that the superconcentrated LiFSI in 
[C3mpyr][FSI] electrolyte can sustain high current operation of the Li metal electrode 
with high efficiency and exceptional tolerance to large potentials. These are critical 
requirements to achieve a true high energy battery, i.e., stable and safe electrolyte, 
high rate performance and tolerance to overcharge. The high efficiency values 
reported here, along with exceptional high current density and the capability to 
modify the SEI composition/structure based on current density in an ionic liquid thus 
represent a key step towards realising a lithium metal based battery technology. 
Applied stack pressure in coin-cell experiments, pretreatments and surface 
modifications are well known to influence the deposit and cycled morphologies and 
efficiencies, and it is expected that further enhancement in efficiency can be achieved 
using these strategies.71, 78, 127, 129, 170, 187, 192–197, 79, 207, 80, 83, 93, 95–97,125 Importantly, 
dendritic morphologies are suppressed in these superconcentrated IL systems when 
operating at high current density, to our knowledge, the first demonstration of Li 
electrodes operating successfully under these conditions. Thus, superconcentrated IL 
electrolytes, possibly in flooded cell configuration with appropriate electrode 








Conclusions and Future Work  
 
6.1 Conclusions 
This thesis examined the application of high energy density Zn2+/Zn0 and 
Li+/Li0 anodic redox couples in superconcentrated ionic liquid electrolytes for the 
development of a safe and small scale ‘portable’ redox flow cell. This analysis 
included developing a fundamental understanding of the effects of key parameters 
such as electrolyte transport properties, active material concentration, nucleation 
process, flow rate, applied current density and charge capacity on the electrochemical 
performance. The effects of physicochemical and electrochemical properties on the 
deposition morphology and composition were also investigated.  
The Zn2+/Zn0 redox couple in [C2mim][dca] and [C4mpyr][dca] ILs with H2O 
additive were investigated for redox flow cells for the first time using in-house 
designed and 3D printed miniaturised flow half-cells to simulate realistic flow 
conditions. The initial studies with [C2mim][dca] IL revealed that with increasing 
Zn2+ concentration, from 9 to 18 mol%, the Zn electrodeposition process became 
more favourable and higher redox current densities and dendrite-free Zn 
morphologies were achieved under flow conditions. The first two phenomena were 
attributed to two possible causes — changes in Zn2+ speciation resulting different 
solvation complexes affecting the Zn2+/Zn0 redox mechanism; and the modifications 
to the ion layer arrangement at electrode surface. Apart from the contribution of these 
two causes, the uniform morphology obtained at higher Zn2+ concentration was also 
attributed to higher number of nucleation sites and possible changes in nucleation 
mechanism to instantaneous-type. It was also found that the Zn morphology could be 
controlled via the applied flow rate, and 11 ml min-1 or higher were the most 
appropriate flow rates of those studied.  
The effect of varying the IL cation was also investigated by dissolving the Zn 
salt and H2O additive in a [C4mpyr][dca] IL. In contrast to previous studies performed 
under static conditions,13 [C4mpyr][dca] IL displayed superior performance 
compared to the imidazolium IL under flow conditions resulting in higher cycling 
efficiency (60 ± 2% vs 45 ± 3%) and long-term cycling stability (>200 cycles) at a 




cm−2)13. The presence of H2O additive was found to be essential to overcome the 
cycling inefficiency caused by mass transport limitations. The concentration of H2O 
had a direct effect on both the cycling efficiency and Zn deposition morphology, 
where more than 1 wt% H2O was required in the electrolyte to achieve a compact and 
dendrite-free Zn morphology. Nevertheless, all the electrolyte compositions 
including the higher water contents (10 wt%) systems showed stable long term 
cyclability (>100 cycles) under flow configuration in an ambient atmospheric 
condition. Most significantly, [C4mpyr][dca] IL enabled a high Zn2+ solubility, ~1:1 
molar ratio, where higher concentration systems (30–46 mol%) showed steadier, 
more stable long term cyclability (>100 cycles) compared to the erratic cycling 
behaviour seen in the lower concentration systems. The highest Zn2+ concentration 
(46 mol%) system produced dendrite-free, compact and uniform Zn morphologies, 
potentially overcoming one of the major issues for current aqueous RFBs. 
The promising performance of superconcentrated Zn2+/Zn0 redox couple in 
IL electrolytes led to the investigation of other metal redox couples suitable for 
application in redox flow batteries, such as the higher energy density Li+/Li0. An in-
depth analysis of the influence of applied current density and charge/discharge 
capacity on Li nucleation and growth process, cycling capability and surface 
properties (e.g.: morphology, SEI structure/composition) was undertaken using a 
superconcentrated [C3mpyr][FSI] IL electrolyte. Very high current densities up to a 
working maximum of 50 mA cm-2 were investigated, the unique properties of the 
superconcentrated IL electrolyte allowed investigation of Li deposition at these high 
magnitude currents to be performed for the first time. The nucleation study revealed 
the formation of uniform and less dendritic Li deposits with better coverage with 
increasing current density from 0.1 to 20 mA cm-2. Further increment in current 
density (50 mA cm-2) led to dendritic, island-like morphology. In agreement with the 
nucleation study, a maximum Li cycling efficiency of 96±3% (100 cycles, 
overpotential <0.2 V) with dense and dendrite free Li morphology was obtained at 
20 mA cm-2. The maximum working current density tested in this electrolyte system 
was limited to 50 mA cm-2, resulting in 86±3% cycling efficiency and ±0.5 V 
overpotential, highlighting the electrolyte’s ability to tolerate high potentials. XPS 
and ToF-SIMS analyses suggested that the remarkable performance at 20 mA cm-2 
was related to the formation of a stable SEI with favourable properties; including a 
surface composition which was LiF rich (×2.5) and had less amount of organic carbon 




The transition of Li cycling conditions from static to dynamic conditions 
negatively impacted both the deposit morphology and cycling efficiency, leading to 
a dendritic Li deposit and a decrease in cycling efficiency from 96 to 79% at 
20 mA cm-2. This decrease in cycling efficiency promoted by the action of 
flow/stirring has two likely causes — the continuous breaking and making of the SEI 
under the influence of stirring, leading to profound SEI thickening and dead Li 
accumulation; and the dendritic excess Li deposit morphology on having a 
detrimental impact subsequent cycling. This morphology believed to originate from 
the disruption of the ion layers near the electrode affecting the ion transport and thus 
the resultant deposit morphologies under stirring conditions.151,179 Therefore, Li+/Li0 
in a superconcentrated [C3mpyr][FSI] IL electrolyte is an excellent redox couple to 
use in a flooded cell configuration without flow, and is capable of cycling at very 
high current densities with superior SEI properties and dendrite-free Li 
morphologies. As highlighted in Chapters 2 and 5, appropriate surface treatments 
and/or conditioning methods can be considered to further enhance the Li cycling 
efficiency at 20 or 50 mA cm-2 high current densities, which is crucial for the 
development of future fast charge, high energy batteries.  
In summary, this work has demonstrated promising performance of both 
Zn2+/Zn0 and Li+/Li0 redox couples in superconcentrated IL electrolytes under flow 
and static conditions for application in redox-cells. The Zn2+/Zn0 redox couple has 
shown excellent long term cyclability and dendrite-free morphology with 
[C4mpyr][dca] IL in the presence of H2O additive whereas superconcentrated LiFSI 
in [C3mpyr][FSI] has shown the capability to sustain high current operation of the Li 
metal electrode with exceptional tolerance to large potentials resulting in relatively 
high efficiency. An electrolyte that is stable and safe, has a high rate performance, 
leads to dendrite-free morphology and shows a tolerance to overcharge are all critical 
requirements for high energy density batteries. The results presented here indicate 
that high concentration IL systems offer great promise if their cost of manufacture 
can be made economic by redesigning their synthesis process to utilise low-cost 
deconstruction processes. As discussed in Section 2.8 in Chapter 2, pairing of these 
anodic redox couples with an appropriate flowing catholyte will be an important 






6.2 Suggestions for Future Work 
As mentioned in the previous Chapters, cycling efficiency is a key parameter 
that requires to be further enhanced in both Zn2+/Zn0 and Li+/Li0 anodic redox couples 
to achieve commercially relevant values (>99.9% for Li and 88-95% for Zn)26,60. 
Therefore, this section proposes research strategies to enhance the cycling efficiency 
of the materials of interest, further understand the negative impact of flow conditions 
on Li+/Li0 cycling efficiency and finally to develop a full flow-cell by coupling the 
anodic redox couple with an appropriate flow cathode. 
 
Zn2+/Zn0 Redox Couple   
As shown in Figure 4.14 (Chapter 4), a species of unknown origin was present 
on the Zn surface electrodeposited from 18 mol% Zn(dca)2 in [C4mpyr][dca] and 3 
wt% H2O electrolyte. The presence of residual Zn after the exhaustion of excess Zn 
deposit (Fig. 4.15) suggested that electrochemical de-activation of the Zn deposit had 
occurred, possibly through formation of a passivation film, which could also explain 
the unknown phase present in the XRD analysis. Such phenomenon can also affect 
the redox couple cycling capability. Identifying the unknown phase and its 
composition would enable the source of the undesired species to be understood, and 
the experimental conditions and parameters to be controlled to prevent its formation. 
This would improve the Zn utilisation and subsequently the cycling efficiency. 
Additional surface characterisation techniques such as GD-OES, XPS and ToF-SIMS 
can be introduced to identify the phase composition. If the unknown phase present on 
the Zn surface is electrically non-conductive, radio frequency glow discharge source 
will be required for the GD-OES analysis.208,209  
In this work, only glassy carbon was used as the substrate for Zn 
electrodeposition to limit the range of experiments. Other substrate materials, 
specifically carbon based substrates,3,124 which have previously demonstrated 
improved Zn utilization and CE% (e.g.: graphite based)128 can be used with the 
current electrochemical system. The structure and the shape of the substrate can be 
regulated to obtain a high surface area and an open 3D structure that allows relatively 
viscous superconcentrated Zn electrolyte mixtures to flow through the substrate while 
forming flow patterns that ensure mixing. The resulting Zn morphologies and cycling 





Li+/Li0 Redox Couple 
The superconcentrated LiFSI in [C3mpyr][FSI] electrolyte mixture 
demonstrated a 96±3% cycling efficiency at 20 mA cm-2 while forming a dendrite-
free Li morphology and LiF-rich surface film. As discussed in Chapters 2 and 5, 
previous studies have incorporated 3D electrode structures to improve the Li cycling 
efficiencies.117–119 This approach has led to uniform Li+ distribution, improved 
charge-transfer kinetics and reduced interfacial resistance ultimately resulting 
enhanced Li utilization and improved CE% (e.g.: 60 to 90% at 10 mA cm-2)119. A 
similar approach can be considered with superconcentrated IL electrolytes to 
integrate 3D Ni or Cu electrode structures to enhance Li cycle life.  
The Li morphology and subsequent cycle life can be further optimised by 
appropriate surface treatment methods such as chemical treatments and 
electrochemical pre-conditioning.79,80, 83,127 Chemical treatment techniques reported 
include the introduction of an artificial SEI layer and the use of a LiF-rich substrate 
surface.80,83 An in-depth discussion of these methods is presented in Chapters 2 
(Section 2.7.6) and 5. Electrochemical pre-conditioning or pre-cycling has also been 
shown to improve the Li cycle life by stabilising the SEI and minimising the loss of 
active material by preventing reactions between the electrolyte and substrate surface 
(e.g.: oxide impurities) during cycling.79,127 Therefore, similar surface treatment 
methods can also be considered for Ni, Cu or Li metal substrates to further improve 
the Li cycle life in superconcentrated IL electrolytes.  
As mentioned in Chapter 5, gas bubble formation was detected at 50 mA cm-
2 at relatively high negative excess Li deposition potential (below -1 V). As suggested 
in the literature, this gas formation was speculated to arise from [FSI]- reduction at 
potentials between -1 V and -2.5 V.17,98 If the gas formed can be identified, it will 
allow to determine the source of the reaction, i.e. IL degradation or an impurity 
present. If the gas produced can be collected, gas chromatography-mass spectroscopy 
(GC-MS) can be used to identify its composition. Due to the very small volume of 
the gas produced, a special cell setup needs to be developed to perform the both the 
electrochemical reaction and effectively collect the gas produced.  
Further, investigating the effect of flow/stirring conditions on SEI 
structure/composition is another focus of future work, to ascertain the contribution 
(if any) of this effect to the decrease in cycling efficiency with stirring. For this 
purpose, a similar approach to that of the static surface characterisation can be 




Development of Full Redox Flow-Cell  
This PhD project has provided insights into the influence of key operating 
parameters such as flow rate, current density, active species and additive 
concentrations on the stability, cyclability and morphology of Zn2+/Zn0 and Li+/Li0 
anodic redox couples in IL electrolytes. This new knowledge can be used to develop 
a full redox flow-cell by coupling the flowing (Zn2+/Zn0) or static (Li+/Li0) anodic 
redox couple with an appropriate flowing cathodic redox couple. As discussed in 
Chapter 2 (Section 2.8.1), [Co(bpy)3]2+/3+ and [Fe(bpy)3]2+/3+ are potential candidates 
for cathodic redox couples that can be integrated with Zn2+/Zn0 and Li+/Li0, 
respectively.18,19 These materials were selected based on their stability in the IL 
electrolytes as well as the higher battery voltages that can be achieved upon coupling 
with anodic species (e.g.: [Fe(bpy)3]2+/3+ with Li+/Li0 - 4 V). However, as mentioned 
in the Literature review, further research approaches are required to improve the 
solubility of such transition metal complexes in ILs, for example, by optimising the 
electrolyte composition (e.g.: IL cation and anion, additives). If a [Fe(bpy)3]2+/3+ 
concentration similar to that of the Li+ anolyte can be achieved – and assuming all 
the Li+ in a superconcentrated IL electrolyte can be electrodeposited when using 
larger volumes (i.e. >1 L) – then a theoretical specific energy of 172 Wh kg-1 (191 
Wh l-1) is obtained. This is more than two times the theoretical energy density of all 
vanadium RFBs (60 Wh kg-1).  Semi-solid cathodic materials are also interesting 
candidates to couple with Li+/Li0. As discussed in Chapter 2 (Section 2.8.2), these 
flow suspensions have been previously investigated in conventional organic 
electrolytes.20,123 A similar approach can be considered, however, in low 
concentration IL electrolytes to minimise the increase in suspension viscosity and 
poor conductivity. Initially a conventional battery separator such as Daramic or 
Celgard (trademarks) can be incorporated into the flow-cell design. Upon analysing 
the extent of cross-contamination and electrochemical performance of the redox 
couples, the choice of membrane can be optimized. Cross-contamination can be 
investigated using spectroscopic techniques such as FT-IR and UV-visible as well by 
charge-discharge cycling measurements for extended periods of time.210,211 The long 
term chemical stability of the membranes can be determined by soaking the pre-
weighed membranes in electrochemical systems, and simply measuring the weight of 










Figure 7.1: Capacity vs cycle number during long term cycling of 18 mol% Zn(dca)2 







Figure 7.2: Ex-situ SEM of Li nuclei deposited at (a) 0.01 mA cm-2, (b) 1 mA cm-2, 
(c) 5 mA cm-2, (d) 10 mA cm-2, (e) 20 mA cm-2 and (f) 50 mA cm-2 current densities 
for 0.05 mAh cm-2 on Ni substrate with 3.2 mol kg-1 LiFSI in [C3mpyr][FSI] 







Figure 7.3: High-resolution XPS region spectra for (a) C 1s, (b) F 1s, (c) Li 1s, (d) N 





Table 7.1: Summary of region spectra analysis for Li nucleation sample at 1 mA cm- 2 
for 0.05 mAh cm-2 at 50 °C. (Estimated error for atomic concentration from region 






Figure 7.4: High-resolution XPS spectra for (a) C 1s, (b) F 1s, (c) Li 1s, (d) N 1s, (e) 





Table 7.2: Summary of region spectra analysis for Li nucleation sample at 20 mA 
cm- 2 for 0.05 mAh cm-2 at 50 °C. (Estimated error for atomic concentration from 







Figure 7.5: (a) Summary of survey spectra analysis for control sample (Ni electrode 
soaked in the superconcentrated electrolyte and washed with DMC) and Ni substrate 
as received. (b) C 1s and (c) O 1s region spectra for control sample (Ni electrode 







Figure 7.6: Detailed lists of species obtained from mass spectroscopy for 0.05 mAh 
cm-2 Li nucleation samples at (a) 1 mA cm-2 and (b) 20 mA cm-2 current densities at 








Figure 7.7: Presence of NiO in the negative polarity depth profile collected for 1 mAh 







Figure 7.8: High-resolution XPS region spectra for (a) C 1s, (b) F 1s, (c) Li 1s, (d) N 
1s, (e) O 1s and (f) S 2s after 1 mAh cm-2 Li deposition (‘excess Li deposit’) at 1 mA 






Table 7.3: Summary of region spectra analysis for excess Li deposit at 1 mA cm-2 for 









Figure 7.9: High-resolution XPS region spectra for (a) C 1s, (b) F 1s, (c) Li 1s, (d) N 
1s, (e) O 1s and (f) S 2s after 1 mAh cm-2 Li deposition (‘excess Li deposit’) at 20 





Table 7.4: Summary of region spectra analysis for excess Li electrodeposit at 20 mA 
cm-2 for 1 mAh cm-2 at 50 °C. (Estimated error for atomic concentration from region 








Figure 7.10: Detailed lists of species obtained from mass spectroscopy for 1 mAh cm-
2 Li electrodeposits (‘excess Li deposit’) created at (a) 1 mA cm-2 and (b) 20 mA cm-







Figure 7.11: High-resolution XPS region spectra for (a) C 1s, (b) F 1s, (c) Li 1s, (d) 
N 1s, (e) O 1s and (f) S 2s after consumption of excess Li deposit (after cycling) at 1 





Table 7.5: Summary of region spectra analysis for Li surface after consumption of 
excess Li deposit (after cycling) at 1 mA cm-2 at 50 °C. (Estimated error for atomic 








Figure 7.12: High-resolution XPS region spectra for (a) C 1s, (b) F 1s, (c) Li 1s, (d) 
N 1s, (e) O 1s and (f) S 2s after consumption of excess Li deposit (after cycling) at 





Table 7.6: Summary of region spectra analysis for Li surface after consumption of 
excess Li deposit (after cycling) at 20 mA cm-2 current density at 50 °C. (Estimated 








Figure 7.13: Detailed lists of species obtained from mass spectroscopy Li surfaces 
after consumption of excess Li deposit (after cycling) at (a) 1 mA cm-2 and (b) 20 mA 
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